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ABSTRACT 
The seed size and shape of lentil are important traits because they determine the 
market class, cooking time, and can influence quality and yield of milled lentils. 
Understanding the genetic control of seed size and shape can help breeders develop 
varieties with improved seed size and shape characteristics such as seed diameter, 
seed thickness and seed plumpness. The objectives were to determine the 
heritability of seed size and shape and identify the genomic regions controlling 
these traits. This involved i) developing a linkage map for the LR-18 population 
(CDC Robin x 964a-46) using a recently developed single nucleotide polymorphism 
(SNP) assay; ii) analyzing the LR-18 population for seed size and shape QTLs; iii) 
analyzing an association mapping panel for seed size and shape QTLs. Phenotyping 
trials were grown at two different locations in Saskatchewan, Canada. The mapping 
population was grown in two different years while the association panel was only 
grown in one. Seed diameter and thickness were measured using sieves and this 
data were used to calculate seed plumpness. Days to flowering was also recorded to 
determine if it had any effect on seed size or shape. A linkage map consisting of 537 
SNPs, 10 SSRs and 4 morphological markers on seven linkage groups was 
constructed and used for the QTL analysis. The heritability estimates were high for 
seed diameter and seed plumpness (0.92 and 0.94, respectively) while for seed 
thickness and days to flowering they were more moderate (0.60 and 0.45, 
respectively).  QTL analysis revealed QTLs on five of the seven linkage groups. The 
association mapping study revealed similar heritability estimates of 0.97, 0.62, 0.94, 
and 0.62 for seed diameter, seed thickness, seed plumpness and flowering time, 
respectively. There were 31 different significant marker trait associations, however 
only 5 of those were significant for both locations. Four of those five markers did not 
map in the LR-18 linkage map so their genomic locations are still to be determined. 
Results showed that there are key regions in the genome that control seed size and 
shape and flowering time in lentil. These markers could be used for marker-assisted 
selection or for further candidate gene analysis.   
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Chapter 1 
Introduction 
 
 Lentil (Lens culinaris ssp. culinaris Medik.) is a crop that is consumed for its 
high levels of protein and micronutrients including iron, zinc and -carotene 
(Erskine and Sarker 2004). Lentil has become an important crop for western 
Canadian growers with acreage steadily increasing.  Canadian lentil acres have gone 
from 750,000 acres in 1996 to more than 2 million acres in 2011 (FAOSTAT 2010). 
Maintaining the quality of lentils for the end users is an important objective for the 
industry. The size and shape of the lentil is considered an important parameter in 
reaching optimum quality. This is because the size and shape of lentils can influence 
the cooking time and dehulling efficiency and can be valued specifically to market 
preferences (Erskine et al. 1991; Wang et al. 2008) 
 Developing new and improved seed sizes and shapes is an important 
objective for the lentil breeding program at the Crop Development Center (CDC) 
located at the University of Saskatchewan. Currently, at the CDC, selection for seed 
size and shape is done through phenotypic evaluation. Molecular markers that are 
linked to the seed size and shape traits could also be used to select for those traits. 
This could increase the rate at which new cultivars with new seed sizes and shapes 
are released. However, in order for molecular markers to become implemented, 
experimental populations need to be developed and evaluated for seed size and 
shape to draw statistical associations between those traits and molecular markers.  
  A lentil recombinant inbred line (RIL) population segregating for seed size 
and shape has been developed. An association mapping (AM) panel, which contains 
cultivars, breeding lines and landraces that also differ in seed size and shape, has 
also recently been developed. Evaluating both the RIL population and association 
panel with single nucleotide polymorphism (SNP) markers can allow for the 
association of a marker, or specifically an allele, to a phenotype. For seed size and 
 2 
shape, this will investigate the genetic control of these traits along with the 
development of molecular markers that can be used by the breeding program.  
Objectives and Hypothesis  
 
 The objective of this project is to optimize the use of SNP markers in lentil 
and enhance the understanding of the genetic control of seed size and shape in lentil 
with results leading to the development of molecular markers that can be adopted 
by breeding programs. There are three different aspects to this study: 1) genotyping 
a RIL population and association mapping panel with SNP markers, 2) phenotyping 
both populations for seed size and shape, and 3) identifying significant marker-trait 
associations via quantitative trait loci (QTL) mapping (in the RIL population) and 
association mapping. 
The hypothesis for this research is that genomic regions controlling seed size 
and shape of lentil can be identified through linkage analysis and that association 
mapping will confirm these QTLs and also yield new associations to alleles that 
control unique seed sizes and shapes.   
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Chapter 2 
Literature Review 
2.1 Lentil Genetics and Cytogenetics 
  Lentil (Lens culinaris ssp. culinaris) is a diploid self-pollinating crop with 
seven chromosomes (2n=14). It has genome size of 4063 Mbp/1C (Arumuganathan 
and Earle 1991). There are five other species in this genus: L. odemensis, L. ervoides, 
L. nigricans, L. tomentosus, L. lamottei (van Oss et al. 1997).    
2.2 Lentil Domestication 
 Large chromosomal variations exist amongst all the species within Lens. 
However, Ladizinsky (1979) found that there were fewer chromosomal 
interchanges between L. culinaris ssp. culinaris and L. culinaris ssp. orientalis versus 
L. culinaris ssp. culinaris and the other Lens species. L. culinaris ssp. culinaris and L. 
culinaris ssp. orientalis also share similar morphology and molecular marker 
genotypes (Hancock 2004). As a result, L. culinaris ssp. orientalis is considered to be 
the most likely progenitor of L. culinaris ssp. culinaris (Sonnante et al. 2009; van Oss 
et al. 1999).  
Barulina (1930) first suggested that lentil was domesticated in the Hindu-
Kush region of central Asia. However, subsequent archaeological studies have 
shown that lentils were more likely domesticated in the Fertile Crescent, of modern 
day southern Turkey and Syria, 10,000 years ago. Lentil then spread from this 
region west along the European Mediterranean coast, east towards the Indian sub-
continent and south into Egypt’s Nile valley (Erskine and Sarker 2004).  
 The domestication of lentil involved modifications to traits like pod 
dehiscence and seed dormancy, which allowed the seeds to be collected more easily 
and meant that farmers were able to keep their seeds to the next growing season 
(Sonnante et al. 2009). It is also believed that the domestication of lentil led to 
changes in seed size. Wild lentils have much smaller seeds, which would have been 
difficult to collect; therefore increases in seed size would have made it easier for 
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humans to harvest the seeds. Almost all the domestication traits of lentil, such as 
pod dehiscence, seed dormancy, and growth habit, involved single gene inheritance, 
which would allow mutations in those genes to be selected for and retained more 
easily. Seed size, on the other hand, has a more complex, quantitative mode of 
inheritance. As the cultivation of lentil continued to spread, the species diverged in 
to different sub-groups. These subgroups differed mainly in their seed size and are 
known as microsperma and macrosperma. The microsperma types have a seed 
diameter of 2 to 6 mm, have red and yellow cotyledons, and pigmented flowers. The 
macrosperma types, meanwhile, have a seed diameter of 6 to 9 mm with a yellow 
cotyledon and no pigmentation in the flowers (Sandhu and Singh 2007). Barulina 
(1930) was the first to characterize lentils based on these attributes. She also 
highlighted that their geographic origins differ with the microsperma types being 
centered in southeast Asia and the macrosperma types more common in western 
Asia and Europe.   
2.3 Lentil Production 
 Today, lentil is grown in temperate to sub-tropical regions throughout the 
world. It is still grown in the traditional regions of southern Europe, the Middle East, 
northeastern Africa and the Indian sub-continent. However, lentil production has 
now spread into growing regions of South and North America and Australia.  
Canada is the number one producer and exporter of lentils in the world. In 
2009 Canada exported 1.2 Mt of lentils. The province of Saskatchewan accounts for 
99% of Canadian production (Saskatchewan Pulse Growers 2012). The United 
States is the second largest exporter with 0.18 Mt exported in 2009, followed by 
Turkey with 0.13Mt exported. (FAOSTAT 2010). India is the largest importer of 
lentils with 0.29 Mt imported in 2009. Bangladesh and Turkey are the second and 
third largest importers with total imports reaching 0.17 and 0.14 Mt, respectively. 
In Canada, there are many different market classes that determine lentil 
value. The largest are the green and red lentil market classes. For green lentil, there 
are small, medium and large sub-classes. Green lentils, usually large in size, have 
seed weights >6g/100 seeds, green seed coats, yellow cotyledons and are normally 
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cooked and consumed whole (Erskine 1996).  Red lentil, which is much smaller, has 
medium, small and extra small market classes. Red lentils typically are <3.5g/100 
seeds, have a brown to grey seed coat and red cotyledons. Red lentils are 
traditionally dehulled and spilt. Dishes containing dehulled spilt red lentils are 
traditionally named “dhal”. There are also specialty or niche market classes like the 
French green, Beluga, Pardina, zero tannin and green cotyledon market classes. 
(Saskatchewan Pulse Growers 2012).  
2.4 Lentil Breeding In Canada  
 Lentil breeding started in Canada with the appointment of a breeder at the 
Crop Development Center (CDC) at the University of Saskatchewan in 1972 (Morrall 
1997). To this day, the lentil breeding program at the CDC remains the only one in 
Canada. The first cultivar that was registered was Laird, in 1978. Laird was selected 
from the United States Department of Agriculture Plant Introduction (PI) line 
343028, which originally came from Russia (Slinkard and Bhatty 1979). The second 
lentil cultivar, Eston, was released in 1980. Eston was selected from the accession PI 
179307, which originally came from Turkey (Slinkard 1981). The cultivar Rose, was 
the first red cotyledon variety to be released and also the first Canadian cultivar to 
be released that originated from a cross (Eston x Redchief) (Slinkard and 
Vandenberg 1995). CDC Gold, the first zero tannin variety, was released in 1993. 
Other notable varieties include CDC Imperial and CDC Impact, which were the first 
imidazolinone (IMI) tolerant lentil cultivars, released in 2006.  
 Breeding methods for lentil at first were pure-line selections from landrace 
accessions. The F2 derived family method , a modified form of bulk selection, 
involves bulking F3 plants derived from selected single F2 plants followed by yield 
testing of selections in the F4 –F8 generations. This method was used for the early 
cultivars that were developed through crossing (Slinkard and Vandenberg 1995) 
and is still the preferred breeding method. Backcrossing was first used for the 
development of IMI tolerant cultivars. CDC Imperial and CDC Impact were the result 
of a backcross with the IMI tolerant breeding line RH44 to the cultivars CDC Robin 
and CDC Blaze, respectively (Chant 2004). Throughout the breeding program, most 
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of the selections, like yield and seed coat colour, are made through phenotypic 
evaluation. When IMI tolerant varieties were introduced, IMI herbicides were 
applied to the segregating material to select for tolerance. 
For many other crops, molecular markers have been used to select for traits 
that are quantitatively inherited, have low heritability or are difficult to select for by 
phenotype alone. Examples are: selecting for common bacteria blight (CBB) 
resistance in common bean, and for quality traits like low cadmium in durum. 
(O’Boyle et al. 2007; Wiebe et al. 2010)  Molecular markers have been developed in 
lentil that are linked  to disease resistance loci, frost tolerance, and flowering related 
traits (Ford et al. 1999; Tar’an et al. 2003; Kahraman et al. 2004; Tullu et al. 2008). 
The low efficacy and the difficulties of using some of those markers have prevented 
the breeding program at the CDC from adopting marker-assisted selection. Recently, 
there has been increased funding available for research in lentil genomics that 
should result in numerous functional molecular markers in the near-term. Next-
generation technologies have also decreased the cost and increased the efficiency of 
marker-assisted selection. As a result, the lentil breeding program at the CDC is in 
the process of developing a marker-assisted breeding strategy using the latest 
genomics technologies.  
The use of molecular markers will complement the F2–derived family 
breeding method currently being used. Multiple parents are used in many of the 
crosses that are made. Gamete selection, using molecular markers, would allow for 
the selection of preferred F1 progeny resulting in populations that are enriched for 
desirable alleles (Singh 1994). Molecular markers that are tagged to specific traits 
could also facilitate more efficient breeding with un-adapted or wild germplasm. 
Functional markers would result in less linkage drag when backcrossing with exotic 
breeding germplasm. However, for this to occur, genetic variation for the traits of 
interest needs to be measured and associated with molecular markers. QTL 
mapping in bi-parental populations and association mapping are two methods 
which can be employed to achieve this.  
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2.5 Breeding Lentil with Genebank Germplasm 
 In total, over 43, 000 accessions of Lens have been collected and deposited in 
genebanks around the world. The largest is the International Center for Agriculture 
Research in the Dry Areas (ICARDA) genebank, which holds over 11,000 landraces 
(L. culinaris ssp. culinaris) and wild species of Lens (Global Crop Diversity Trust 
2012). The other major collection is located at the USDA-ARS germplasm repository 
in Pullman, Washington. This collection has around 10,800 accessions, of which 
8,860 are landraces of L. culinaris ssp. culinaris. Other large collections also exist in 
Australia and Iran (Global Crop Diversity Trust 2012). At the University of 
Saskatchewan a mini core collection was assembled, consisting of landraces and 
wild Lens accessions from the ICARDA genebank. This core collection contains 
material that is more adapted to western Canadian growing conditions (A. Tullu, 
pers. comm.).  
Broad phenotypic variation exists within these collections, especially 
amongst the wild Lens accessions. Resistance to diseases such as ascochyta blight, 
anthracnose and vascular wilt has been identified in some Lens accessions (Tullu et 
al. 2006 and 2010; Bayaa et al. 1995). Seed composition traits that influence quality 
have also been studied in these collections (Tahir et al. 2012).  Plant breeders could 
use this variability to develop improved cultivars by crossing with elite material. 
However, integration of variation from different Lens species into the cultivated 
lentil genetic background has proven to be difficult. Interspecifc hybrids can be 
difficult to produce and, when successfully produced, can be sterile (Ladizinsky et al. 
1985). Breeders are also aware of linkage drag, where additional genetic material is 
introduced along with the desired gene of interest from the wild plant source, 
causing a negative impact on plant performance. A more reasonable approach to 
increasing the variability within breeding programs may be introgressing variation 
from lentil landraces or other material from independent breeding programs. 
Landraces of lentil have shown to be resilient to drought based on the wide range of 
growing conditions under which they can survive (Muehlbauer et al. 1995). Lazaro 
et al. (2001) observed that Spanish lentil landraces exhibit variability for traits 
including plant height, flower duration, days to maturity and seed weight. 
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Significant variation in quality traits such as sucrose concentration and raffinose 
family oligosaccharides (RFOs) were also observed within a mini-core collection 
(Tahir et al. 2012). This suggests that broad phenotypic variation exists within lentil 
landraces that it could be an important resource in further breeding efforts.  
2.6 Lentil Quality: Seed Size and Shape 
Improved quality is an important objective for lentil breeders. Quality can be 
determined by characteristics like size, shape, colour, taste, and cooking time. Seed 
size is an important quality trait in many crops. For wheat, increases in seed size can 
increase the yield obtained in the milling process (Breseghello and Sorrells 2006). In 
soybean (Glycine max L.) seed size largely determines the end-uses of the seed. 
Small and large sizes are consumed as food, while medium sizes are crushed for 
their oil and meal (Shanin et al. 2006). Seed size, which is measured as the seed 
diameter, is also an important trait in a crop like lentil. First, seed size determines 
the amount of time it takes to cook the lentils. Hamdi et al. (1991) observed a strong 
positive correlation, of r=0.96, between seed size and cooking time. Also, size can 
affect the outcome of the seed when it is handled, processed and spilt. Ford et al. 
(2007) noted that development of rounder shaped lentil cultivars, versus the usual 
thin, sharp-edged types, could reduce the amount of damage that occurs during 
handling.  Past studies have also highlighted that rounded or plumper lentils exhibit 
greater dehulling efficiency versus thinner, less plump samples thus increasing the 
value of the crop (Erskine 1991; Wang et al. 2008; Shanin et al. 2012). If plant 
breeders can capitalize on certain market preference for specific seed sizes, more 
value could be added to the crop. 
Determining seed size in lentil has historically relied on measuring the 100 
or 1000 seed weight (Erskine et al. 1985; Abbo et al. 1991; Tahir et al. 1995; Tullu et 
al. 2001). However, this method cannot distinguish different seed shape parameters 
such as seed thickness or seed plumpness. Several different methods have been 
used to measure the size and shape of legume seeds. Xu et al. (2011) randomly 
selected soybean seeds and measured various seed shape parameters using a 
caliper. Computer-assisted two-dimensional image analysis has been used to 
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measure the distribution of lentil seed diameter (Shanin and Symons 2001). Shanin 
et al. (2006) used cameras to capture the 3-dimensional image of lentil seeds to 
determine the plumpness. However, these methods are very laborious when 
working with large populations. Hossain et al. (2010) noted that the traditional 
method of seed sizing using graded sieves can be just as effective in determining 
seed size and shape.   
Previous genetic studies in lentil revealed that there is large variation for 
seed weight (Tullu et al. 2001; Abbo et al. 1991). Considerable variation was also 
observed for seed diameter ranging from 3 to 9 mm by these researchers. No 
previous studies have evaluated seed thickness and seed plumpness in lentil. For 
other crops like soybean and wheat, it has been reported that there is no association 
or linkage between seed size and shape (Cober et al. 1997; Gegas et al. 2010). 
2.7 Genetics of Seed Quality Traits in Lentil 
 Seed quality is an important characteristic for meeting market demands. The 
seed coat colour and pattern, cotyledon colour along with the size and shape of the 
seed are the traits that can determine the value of a lentil variety. Nearly all seed 
quality traits, except seed size and shape, are qualitatively inherited. Vandenberg 
and Slinkard (1990) first determined the inheritance of seed coat colour and seed 
coat pattern in lentil. For seed coat colour, it was determined that there were two 
independent loci controlling whether the seed coat would be grey (Ggc, tgc) or tan 
(ggc,Tgc). When both dominant alleles are present (Ggc, Tgc) a brown seed coat is 
produced. Double homozygous recessive individuals (ggc, tgc) have a green seed 
coat.  Seed coat pattern was determined to have five different alleles, marbled1 
(Scpm1), marbled2 (Scpm2), spotted (Scps), dotted (Scpd) and no pattern (scp) all at 
one locus. The inheritance of cotyledon colour in lentil was described by Slinkard 
(1978). Crosses between red and yellow cotyledons indicated single gene 
inheritance, with a 3:1 ratio of red to yellow cotyledons. The designated gene 
symbols were yc for the yellow cotyledon, Yc for red cotyledon and i-yc for green 
cotyledon. Eujayl et al. (1998) mapped the Scp locus, within close linkage to another 
qualitative trait, flower colour (W). Duran et al. (2004) mapped the cotyledon colour 
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and seed coat colour and pattern loci to three different regions of the genome. 
Fratini et al. (2007) mapped the Scp and Yc loci to two separate linkage groups.  
The other important seed quality traits, seed size and shape, are 
quantitatively inherited. There are multiple loci that can control seed size and shape 
and there are many different environmental and physiological factors that can affect 
seed size in crop plants. Quantitative trait loci (QTL) for seed weight in lentil were 
located by Abbo et al. (1991), but simply by measuring seed weight it is difficult to 
differentiate whether the seed is plumper or just has a larger seed diameter. Fratini 
et al. (2007) mapped QTLs for seed diameter, seed weight and flowering time, 
among other traits. In this study seed weight and seed diameter were significantly 
correlated, but the QTL were not co-located. Also, because their experimental 
population was derived from cross between two different  sub-species (L. culinaris 
ssp. culinaris x L. culinaris. ssp. orientalis), this would make using those markers 
difficult for MAS within domesticated material.  
2.8 Flowering Time and Seed Size  
 Recent studies of seed size QTLs in other crops have also uncovered loci 
controlling more than one related trait. In lentil, a flowering time locus has been 
shown to be linked with the seed coat pattern locus (Sarker et al. 1999). Flowering, 
or more specifically, pre-anthesis and post-anthesis periods have been shown to 
also have an influence on seed size (Gupta et al. 2006). For example, pre-anthesis 
changes in vegetative organs can affect the amount of assimilates that are 
partitioned to the seed while they are developing. Similarly, post-anthesis processes 
can affect the time for maturation or grain filling which could change the seed size. 
Loci controlling flowering time or other flower morphology traits have also been 
associated with seed mass or seed size loci in model legume crops (Ohto et al. 2005; 
He et al. 2010; Wang et al. 2012). In chickpea, Hovav et al. (2003) studied how a 
major flowering time gene, PPD, affected the seed weight. They found that earlier 
flowering resulted in reduced seed weight, which could lead to lower yields and 
quality. This would affect how cultivars are selected, because it could be difficult to 
select for early flowering without affecting seed size. Therefore it is important to 
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note that when selecting markers linked to QTLs for seed size, some other traits can 
be influential or even mask the QTLs of interest.  
2.9 Lentil Genetic Linkage Mapping 
Linkage mapping is the process of assembling marker genotypes 
(morphological and molecular), determining the distances between them through 
measuring recombination in a population, and then placing them into linkage 
groups (Jones et al. 1997). Linkage maps are useful for locating quantitative traits 
and understanding the genetic make-up of a crop. Many of the genetic maps in lentil 
were developed from interspecific populations between L. culinaris ssp. culinaris 
and other Lens species (Zamir and Ladizinsky 1984; Tadmor et al. 1987; Havey and 
Muehlbauer 1989; Tahir et al. 1993; Eujayl et al. 1997; Duran et al. 2004). These 
populations were used to increase the probability of detecting polymorphisms 
between the parents (Ford et al. 2007). However, when working with interspecific 
populations, segregation distortion, caused by favouring one parental allele over the 
other is common, as is inaccurate estimation of map size. Additionally, the markers 
that are polymorphic within interspecific populations are often not polymorphic in 
the cultivated species genetic background, limiting their utility in breeding 
programs, and other studies using only cultivated germplasm (Ford et al. 2007). 
However, recent developments in marker technologies have resulted in an 
increasing ability to detect polymorphism between potential parents within the 
cultivated species L. culinaris ssp. culinaris. Rubeena et al. (2003) were the first to 
develop an intraspecific mapping population in lentil. Subsequently, there have been 
a number of intraspecific populations developed for lentil with the purpose of QTL 
mapping (Kahraman et al. 2004; Phan et al. 2007; Tullu et al. 2008). 
 Morphological, allozyme and isozyme markers were initially used for 
mapping studies, but now DNA-based markers are primarily used. Amplified 
fragment length polymorphisms (AFLPs), restriction fragment length polymorphism 
(RFLPs), and random amplified polymorphic DNA (RAPD) markers have all been 
used in previous mapping studies (Eujayl et al. 1997; Rubeena et al. 2003; Duran et 
al. 2004; Fratini et al. 2007). However, these markers are either anonymous, which 
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means that they are in a non-coding genomic region, are not associated with a 
change in amino-acid sequence, or are not amenable to high-throughput MAS 
(Batley and Edwards 2007). Phan et al. (2007) used intron targeted amplified 
polymorphic (ITAP) markers to develop the first gene-based lentil linkage map. 
However, only 79 of these markers were used in the map, leaving large gaps in the 
genome.  Single sequence repeats (SSRs) are single locus, multi allelic markers that 
have been used in many mapping projects and have been the preferred marker of 
choice in marker-assisted selection in other species (Ford et al. 2009). SSRs have 
been used in both mapping and diversity studies in lentil (Fratini et al. 2007; Tullu 
et al. 2008; Liu et al. 2008; Babayeva et al. 2009; Hamwieh et al. 2009). More 
recently, Gupta et al. (2012) developed a linkage map based on 196 SSRs markers, 
15 of which were derived from EST sequences. This is a very limited number of 
markers for lentil, especially considering the size of the genome.   
 Vail (2010) noted that there is limited routine application and 
reproducibility of many of these markers in lentil breeding and genetic studies. This 
may be because some of these markers are specific to certain genetic backgrounds, 
and/or are difficult and expensive to screen (Ford et al. 2009). In order to develop 
high-density linkage maps in lentil, more robust and abundant markers need to be 
developed.  
2.10 Single Nucleotide Polymorphic (SNP) Markers for Lentil 
 Single nucleotide polymorphic (SNP) markers are the most abundant type of 
polymorphic marker that can be found within the genome of a species. Recent 
developments in sequencing technology have allowed for the discovery of large 
numbers of SNPs in many different crop species. There are different routes that can 
be taken for SNP discovery, all of which require reliance on sequence information. 
Re-sequencing PCR amplicons, electronic SNP discovery in shotgun genomic 
libraries or discovery in expressed sequence tag (EST) libraries are all methods for 
SNP discovery (Rafalski 2002). SNPs have already been used to increase the 
resolution of numerous genetic maps for various crops (Gupta et al. 2008).  
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 The recent development in high-throughput highly parallel multiplex assays, 
or chips, is allowing for the genotyping of many individuals with hundreds to 
thousands of SNP markers at one time. These types of platforms have already been 
developed for numerous crops such as barley, corn, and apple (Close et al. 2009; Yan 
et al. 2009; Chagne et al. 2012). Recently, a highly parallel allele-specific Illumina 
Golden Gate 1536-SNP assay has been developed for lentil (Sharpe et al. 2013). This 
array was constructed using SNPs discovered in expressed sequence tag (EST) 
sequences from nine L. culinaris ssp. culinaris and two L. ervoides accessions. This 
array is based on Illumina’s BeachChipTM technology where allele specific 
oligonucleotides that are fluorescently labeled bind to specific SNP alleles. The 
reagents are run through a PCR reaction with the template DNA and then hybridized 
to the bead chip (Fan et al. 2006). The products of the reaction are then read on an 
Illumina HiScan scanner (Illumina, San Diego CA). This particular lentil array has 
1,536 bi-allelic SNPs that can be screened across mapping populations, association 
panels or any collection of lines.   
2.11 Molecular Marker – QTL Associations 
 Molecular markers can be a valuable tool for plant breeders. If a molecular 
marker is inherited together with, or is significantly associated with, a particular 
trait, breeders could use them to predict the phenotypic value of an individual. This 
allows for breeders to select traits that have low heritability and also increase the 
efficiency of their programs by having the desired individuals selected before they 
enter the field. QTL mapping and association mapping are two methods that are 
widely used among plant geneticists to associate traits with molecular markers.  
2.11.1 QTL Linkage Mapping 
 QTL mapping is a strategy that detects associations between a quantitatively 
inherited phenotype and markers. QTL linkage mapping relies on genetic markers, 
which have been placed in a linkage map, to associate any genetic variation, based 
on familial relationships, with phenotypic variation that has been measured in 
multiple environments. If a particular marker can be associated with a phenotype, it 
can be potentially used in MAS. Different types of bi-parental populations, such as 
 14 
F2, doubled haploids (DH), recombinant inbred lines (RILs), backcrosses and near 
isogenic line (NILs) are commonly used for linkage mapping. Using maximum 
likelihood or regression analyses, models such as interval mapping (IM), composite 
interval mapping (CIM) and multiple interval mapping (MIM) have been used to 
determine associations between the markers and traits of interest. CIM can account 
for multiple QTLs, while MIM can account for multiple QTLs and their epistatic 
effects (Semagn et al. 2010).  
QTL studies using linkage mapping are abundant in nearly all crop species, 
including lentil. Multiple QTLs in lentil have been identified and mapped, using both 
inter-and intra-specific maps. Of the QTL mapped so far, many have been for 
agronomic traits such as plant height, days to flowering, winter hardiness, pod 
dehiscence, grow habit and yield (Tullu et al. 2008; Kahraman et al. 2004; Fratini et 
al. 2007). QTLs for resistance to diseases like ascochyta blight, anthracnose and 
stemphylium blight have also been mapped (Ford et al. 1999; Rubeena et al. 2006; 
Tullu et al. 2006; Saha et al. 2010). QTLs for seed quality traits, such as seed size and 
shape, are limited. QTLs for seed weight in lentil have been located by Abbo et al. 
(1991) and Fratini et al. (2007) mapped QTLs for seed diameter and seed weight. 
Even with the number of QTLs that have already been mapped, very few markers 
are currently being used for MAS in lentil breeding. 
  Genetic linkage mapping has a number of shortcomings. The experimental 
populations used in linkage mapping lack the number of recombination events 
normally seen in natural populations, which lead to QTLs with poor map resolution. 
Many QTLs can span distances up to, or even greater than 10cM (Holland 2007). 
Numerous genes could exist within those regions, leading to speculation on the 
exact location of the QTL. In addition, QTLs that span large distances can become 
disassociated from identified markers, in other populations or breeding material, 
due to historical recombination that may exist within the germplasm. The 
experimental populations used for linkage mapping are generally the result of a 
cross between two individuals. Only the alleles present and polymorphic between 
the parents of that cross can be sampled in that population. The genetic variation 
that exists between two individuals does not constitute the entire genetic variation 
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for a given crop species, therefore the genetic variation is under-represented. This 
could lead to QTLs that may only exist within the specific experimental populations, 
and not among the rest of the germplasm for that crop species. MAS would thus not 
be effective when other lines are evaluated. In order to overcome the limitations of 
QTL discovery via linkage mapping, many populations could be developed to 
assemble all the alleles for that crop species. However, each population would need 
to be created, genotyped and phenotyped which would become expensive and 
laborious.  
2.11.2 Association Mapping 
 Association mapping (AM) is a method that can address the shortcomings of 
linkage mapping.  This method allows the use of many diverse individuals, which 
increases the number of alleles examined and samples multiple historical 
recombination events. As a result, properly chosen AM panels have a greater 
frequency of alleles that encompass the genetic variation of the crop species. This 
can reduce the time, along with the costs, to identify markers linked to quantitative 
traits.  Association mapping capitalizes on the historical levels of recombination 
accumulated in natural populations, landraces, breeding material and varieties, 
which results in higher QTL resolution than linkage mapping (Figure 2.1). These 
advantages have made AM a valuable method in marker-trait associations.  
There are two different types of association mapping reported in the 
literature: genome-wide association studies (GWAS) and candidate gene association 
mapping. The GWAS method scans the entire genome to determine if any 
association between markers and phenotypes exists. This method requires that 
there are enough markers to cover the genome based on the expected rate of 
linkage disequilibrium (LD) decay. The other method, candidate gene AM, requires 
prior knowledge of candidate genes that could be associated with a phenotype. This 
knowledge may have been gained through QTL linkage mapping, GWAS or from 
work in related species. Instead of a whole genome scan, only markers within those 
candidate genes are analyzed for associations.  
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Figure 2.1. Comparison of QTL map resolution based on linkage mapping in a RIL 
population (left) and AM using a diverse collection (right) (reproduced with 
permission from Soto-Cerda and Cloutier, 2012).  
2.11.3 Linkage Disequilibrium 
Linkage disequilibrium (LD) is the non-random association of alleles at 
different loci (Oraguzie et al. 2007). AM, which sometimes is referred to as LD 
mapping, statistically associates markers that are in LD with the genetic variants of 
a phenotype. The level of LD determines the resolution of association mapping 
studies. A high LD means a lower resolution, while lower LD means greater 
resolution. LD can be affected by many factors including the amount of inbreeding, 
population size, genetic isolation between lineages, population subdivision, 
recombination rates, population admixtures, mutations, and whether individuals 
have been under natural or artificial selection since diverging (Gupta et al. 2005; 
Mackay and Powell 2007). All these factors affect how LD decays over time, with loci 
displaying lower levels of recombination (e.g.  = 0.0005) showing lower LD decay, 
while individuals displaying higher recombination levels (e.g.  = 0.5) having higher 
LD decay (Figure 2.2). Natural and wild populations usually exhibit lower levels of 
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LD versus cultivated or elite breeding germplasm due to their greater levels of 
recombination over time. Natural and wild populations have gone through little 
artificial selection pressure. They also tend to have more diverse alleles per locus 
because these populations have not gone through any of the genetic bottlenecks that 
are observed due to domestication and selection. This would result in more 
polymorphic markers located closer to the gene responsible for the phenotypic 
variability, hence increasing the mapping resolution and the stability of the marker.   
 
 
Figure 2.2. Unlinked loci (=0.5) show higher levels of recombination leading to a 
more rapid LD decay over time. Highly linked loci (=0.0005) have a much slower 
rate of LD decay over time (reproduced with permission from Mackay and Powell, 
2007).  
LD is measured as the difference between observed and expected gamete 
haplotype frequencies under linkage disequilibrium (Soto-Cerda and Cloutier 2012). 
LD can be measured using either the D’ or r2 measurements. In most studies, r2 is 
preferred to measure LD through pair-wise measurements between markers. This is 
because D’ can be inflated by small sample size and low allele frequencies, while r2 
shows less bias (Soto-Cerda and Cloutier 2012). LD decay can be visualized by 
measuring LD over genetic or physical distance using LD scatterplots (Figure 2.3). 
This method can help researchers understand the level of LD over chromosomes or 
even full genomes. By understanding the rate of LD decay over distance, the number 
of markers that would be needed for GWAS could be determined. LD heat maps are 
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also used to visualize LD over a single gene, or entire chromosome. This method can 
be useful in determining which regions, or loci, of a chromosome are under greater 
levels of LD.  
 
Figure 2.3. LD decay over genetic distance in flax. The curved line represents a 
LOESS curve fit for the scatterplot (reproduced with permission from Soto-Cerda 
and Cloutier 2012). 
 
It is important to measure LD prior to AM in order to determine how many 
markers are needed to saturate the genome for GWAS. LD has shown to be variable 
among species. For example, corn, which has low LD because it is an outcrossing 
species, exhibits LD decay within a few hundred base pairs (Tenaillon et al. 2001). 
This makes genome-wide association mapping difficult because many markers are 
needed to account for all the small LD blocks, resulting in increased genotyping cost. 
As a result the candidate gene AM approach is predominately used in corn and other 
species where LD has been shown to decay fast. In other crop species, such as barley 
and soybean, which are self-pollinated, the extent of LD is greater making GWAS 
more feasible. For example, Hamblin et al. (2010) estimated genome wide LD decay 
to be 20-30 cM among elite barley cultivars.  
To date there are no reported association mapping studies in lentil primarily 
due to the lack of genomic resources available for lentil. However, this changed 
when Sharpe et al. (2013) developed a 1536-SNP Illumina GoldenGate array 
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(Lc1536). It is anticipated that a self-pollinated crop like lentil will exhibit levels of 
LD similar to barley and soybean, making the Lc1536 array appropriate for GWAS. 
However, in the model species Medicago truncatula, to which lentil is often 
compared, LD has been noted to decay within 3kbp (Branca et al. 2011). Therefore, 
understanding the level of LD in lentil will be an important first step for association 
mapping in lentil.   
2.11.4 Population Structure 
Population structure is a constraint that can create false associations in 
association mapping studies. Population structure is formed by non-random mating 
within a species, which can cause changes in allele frequencies (Ersoz et al. 2007). 
The non-random mating may be due to events such as genetic drift and 
domestication bottlenecks. This can inflate the presence of certain marker alleles 
resulting in overrepresentation in a population, which in turn cause them to be 
falsely associated with a phenotype (Pritchard et al. 2000). There are different 
statistical approaches for controlling population structure in association mapping. 
In population based studies, two approaches are used: genomic control (GC) and 
structured association (SA) (Yu and Buckler 2006). Genomic control calculates the 
non-independence of loci, which corrects for any population structure (Ersoz et al. 
2007). The significance tests, or P-values, are then adjusted to account for the 
population structure. However, as Mackay and Powell (2007) note, corrected P-
values result in a loss of statistical power, especially when there are higher levels of 
population structure.  
More recently, structured association has been the method of choice to 
correct for population structure in most association studies. For structured 
association, random unlinked markers are used to calculate and assign individuals 
into population substructures (Pritchard 2000). The program STRUCTURE 
(Pritchard 2000) is often used to calculate population structure. This program uses 
a MCMC Bayesian algorithm to calculate the proportion of an individual’s genome 
that originated from different inferred populations. The individuals are then 
clustered into different groups based on their genome characterization. STRUCTURE 
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assumes that all individuals are unrelated and come from populations in Hardy-
Weinberg equilibrium. STRUCTURE allows users to calculate the degree of 
population admixture of each individual. Principle component analysis (PCA) has 
also been used to calculate population structure (Price et al. 2006). This method can 
be much quicker than using STRUCTURE, and has been suggested by Zhao et al. 
(2007) to be just as effective.  
There are two different types of models that apply structured association. 
The first is a GLM model which uses the subpopulations (Q) as covariates in a 
regression model, and then correlates the genotype with phenotype (Thornsberry et 
al. 2001). However, this model along with the GC model may not control false 
positives or have a low statistical power due to familial relatedness (Yu et al. 2005). 
The Q+K, or unified mixed model, still assigns subpopulations (Q) as covariates, but 
it also uses a kinship matrix (K) as a covariate in the regression (Yu et al. 2005). This 
method accounts for both population structure and familial relatedness.  A number 
of studies have demonstrated that the Q+K model can be more effective than just the 
Q model. For example in Arabidopsis, Zhao et al. (2007) found that when cumulative 
P-values were plotted for flowering time, the Q+K model corrected for more false 
associations than the Q model. As a result, the Q+K model is a popular choice in most 
GWAS.  
 Erskine et al. (1989) highlighted that there are morphological differences 
between lentil accessions based on their regional adaptation. Accessions from Syria, 
Jordan, Egypt and Lebanon formed the Levantine group. Accessions from Europe, 
Turkey and Iran formed the northern group. Individuals from South Asia formed the 
Indian group, while individuals from Ethiopia formed the Ethiopian group. The 
groups were formed based on differences in days to maturity, pod set, and seed 
weight. These differences should result in changes in allele composition among the 
various groups. Therefore, it is expected that lentil will exhibit high levels of 
population sub-structure. In a previous population structure study of lentil, Liu et al. 
(2008) found there were eight subpopulations, using the program STRUCTURE. The 
individuals that were used came from 440 accessions located in the Chinese 
National Gene Bank. The eight clusters found in that study do not imply that all lentil 
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populations will cluster into one of these eight groups. For every association panel 
that is assembled, the population structure needs to be calculated. This is because 
there may be differences in adaptation or in pedigrees that could cause differing 
levels of population structure. In association panels that consist of cultivars or 
breeding material that share similar pedigrees kinship amongst the lines may also 
be high. This would make determining the population structure (Q) and kinship (K) 
necessary for GWAS in lentil.  
2.11.5 Linkage and Association Mapping  
 Most studies implement linkage mapping and AM separately. Both methods 
can also be used to cross validate results from either of the studies. For example, 
linkage mapping was used to determine that loci which were significant for lung 
tumor susceptibility in inbred mice, were actually spurious (Manenti et al. 2009). 
But they were also able to confirm that the locus Pas1 was significant for tumor 
susceptibility. The authors even proposed that linkage mapping should always be 
used in conjunction with association mapping studies in inbred mice. Brachi et al. 
(2010) also highlighted that dual mapping strategies can identify the false negatives 
that would not have been found if only one strategy was used when they analyzed 
flowering time in Arabidopsis. False negatives are loci that are actually associated 
with the phenotypic trait, but due to low frequency or population structure have low 
significance. In fact, their research showed that there was a 40% difference in the 
number of candidate genes identified to be false negatives when linkage and 
association mapping strategies were compared. Association mapping relies on the 
frequency of the alleles that exist within a panel to determine if there is a significant 
effect on a trait. If an allele is rare however, but still has a large effect, then its 
statistical power is weak and that allele would not appear to be significant. If that 
individual were to be used as a parent in a mapping population, and it segregated 
with other more common alleles, then this genomic region could be detected. Thus, 
when used together these methods can account for the limitations of the other and 
present a better model for the genetic control of a quantitative trait.   
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Chapter 3 
Construction of a Genetic Linkage Map  
3.1 Introduction  
 Genetic maps are derived from genotyping segregating populations, such as 
F2’s and RILs, with molecular markers and determining the level of recombination 
amongst the markers within each line. Genetic maps are needed for: QTL analysis, 
fine mapping, gene-based cloning, determining linkage disequilibrium, constructing 
physical maps, comparative genomics and a general understanding of the genetic 
architecture of a crop (Diaz et al. 2011).   
Single nucleotide polymorphic (SNP) markers are abundant, distributed 
throughout the genome and are inherited co-dominatingly. Recently, a 1536 SNP 
Illumina Golden Gate SNP Assay (Lc1536) has been developed for lentil (Sharpe et 
al. 2013). The objective of this project was to genotype the intraspecific RIL 
population, LR-18, with the SNP assay and develop a linkage map that could be used 
for further QTL analysis. 
3.2 Materials and Methods  
3.2.1 Plant Material 
LR-18 is a RIL population developed from a cross between the cultivar CDC 
Robin (Vandenberg et al. 2002) and the breeding line 964a-46. The F2 population 
was advanced to the F7 generation using single seed descent. Single F8 plants were 
bulked to form the RILs. In total, 139 RILs were phenotyped and genotyped. 
3.2.2 DNA Extraction and SNP Genotyping 
 Leaf samples were collected from multiple plants of each of the 139 RILs. 
Samples were freeze dried and stored at -80C. The DNA was extracted using the 
micro-CTAB protocol (Doyle and Doyle 1990). 
 The Lc-1536 Golden Gate SNP OPA was used to genotype the population. 
Approximately 50ng of genomic DNA per sample was used for the assay. The assay 
involved amplification of DNA using fluorescently labelled allele-specific binding 
primers in a PCR reaction. The PCR products were then hybridized to beads. The 
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levels of fluorescence were then analyzed using the BeadStudio software (Illumina, 
San Diego, CA). Each sample was characterized by the ratio of the two allele scores 
that were determined by the level of fluorescence measured by the bead reading 
software. The program GenomeStudio ver 2010.1 (Illumina, San Diego, CA) was 
used to analyze and assign genotypes at each SNP locus to each sample (Figure 3.1). 
All genotyping information, including the map, is accessible through the University 
of Saskatchewan’s Pulse Crop and Breeding group’s web portal KnowPulse 
(http://knowpulse2.usask.ca/portal/). 
 
Figure 3.1. Example of SNP analysis using GenomeStudio ver 2010.1. The coloured 
dots correspond to each individual in the population. Monomorphic markers (A) 
appear clustered in the same region (blue), while polymorphic markers (B) show 
1:1 segregation for each allele (blue and red). Heterozygous markers are located in 
between the two groups (pink). Markers not belonging to a distinct group are not 
coloured (black).  
 
 Other markers were genotyped on the population. There were 36 
polymorphic SNPs genotyped using KASP assays. A total of 13 SSRs were also 
included. The population was also phenotyped for 4 morphological traits: cotyledon 
color (red or yellow: Yc), seed coat pattern (present or not: scp), and seed coat 
ground colour (brown, grey, tan and green: Ggc and Tgc).  
3.2.3 Linkage Map Construction 
 A linkage map was developed using the program JoinMap 4.0 (Van Ooijen 
and Voorips 2004). A minimum logarithm of odds (LOD) value of 6 was used to 
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assign groups using the tree command. The maximum likelihood method (MLM) 
was originally used when calculating the linkage groups. Regression mapping, using 
the Kosambi mapping function, was used to finalize the map order and distances 
between the markers. 
 To confirm the linkage groups, each contig sequence from each marker was 
aligned with the Medicago genome to form a dotplot (Figure 3.2.). This resulted in 
the lentil linkage groups matching with Medicago linkage groups. There are a 
number of inversions and translocations that distinguished lentil from Medicago, 
however the collinearity between the linkage groups was sufficient to confirm they 
were homologous with the Medicago chromosomes. Linkage groups 1 through 5 
aligned to Medicago chromosomes 1 through 5. Linkage group 6 aligned to 
chromosome 7 and linkage group 7 aligned to chromosome 8.  
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Figure 3.2. Dotplot showing collinearity between lentil and Medicago. The marked 
circles represent translocations. Linkage groups for lentil were selected based on 
their match with the chromosomes in Medicago. (reproduced with permission from 
Sharpe et al. 2013) 
 
3.3 Results and Discussion 
 A 1536 Illumina Golden Gate assay and a KASP assay were used to screen the 
population for SNP markers. A total of 579 polymorphic SNPs were used in the 
development of the map (Table 3.1). Of the included SNPs, 17 were dominant 
markers. Thirteen SSRs and 4 morphological markers were also included. A total of 
561 markers were mapped to seven linkage groups (Figure 3.3.) Eighteen markers 
remained unmapped.  
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Table 3.1. Markers used for the construction of the lentil linkage map. 
Marker Type Number of polymorphic 
markers  
Number of mapped 
markers 
SNPs 562 547 
SSRs 13 10 
Morphological 4 4 
Total 579 561 
  
The map developed in this study is the most condensed linkage map in lentil 
to date.  A total of 561 markers were mapped with a total length of 597 cM. This 
map has an average distance of 1.06 cM between markers. The physical size of the 
lentil genome was estimated to be 4,086 Mbp (Arumuganathan and Earle 1991). 
Based on the size of the map developed in this study, each cM represented an 
average of 6.8 Mbp. The Tullu et al. (2008) intraspecific map covered 1868 cM with 
an average distance of 8.7 cM between markers. The physical to genetic distance 
ratio of that map was 2.18 Mbp/cM. Kahraman et al. (2004) developed a map 
spanning 1192 cM with an average marker distance of 9.1cM. Rubeena et al.’s 
(2003) linkage map had a total distance of 784.1 cM with an average distance of 
6.8cM. Phan et al. (2009) produced a map with a total distance of 928.4 cM and with 
an average distance of 9.5 cM. Compared to consensus maps in other crops, such as 
barley, which have an average distance of 0.38 cM between markers (Muñoz-
Amatriaín et al. 2011), lentil could still benefit from an increased number of mapped 
markers. 
The length of each linkage group varied. Linkage group 2 was the longest 
with a total length of 150 cM, whereas linkage group 7 was the shortest with a 
length of 57 cM. There have been other linkage studies in lentil that have been able 
to form seven linkage groups, but these maps were generated from interspecific 
populations (Eujayal et al. 1998). Prior to this study, intraspecific maps of lentil have 
not been able to be resolved into seven linkage groups. Rubeena et al. (2003) were 
able to generate 9 linkage groups. Tanyolac et al. (2010) and Saha et al. (2010) 
constructed maps with 11 and 12 linkage groups, respectively. Even more recent 
studies, such as Gupta et al. (2012), have only been able to resolve 11 linkage 
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groups. The differences seen amongst these linkage maps in lentil could be due a 
number of differences. The types of markers, the parents of the population and even 
the LOD scores can impact the size and number of linkage groups (Tullu et al. 2008, 
Paran et al. 1995).  
Comparative genome mapping with model species is proving to be a useful 
method to determine linkage group numbers. By measuring the collinearity with the 
model species Medicago, linkage groups can be selected or combined to match with 
homologous Medicago chromosomes. Phan et al. (2007) was the first to use this 
method in lentil, and was successful in resolving 7 linkage groups. Using an even 
greater number of gene-based markers, this study found high levels of linkage group 
collinearity between lentil and Medicago, which helped in the formation of the 7 
linkage groups. 
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 Segregation distortion is caused by regions in a chromosome that do not 
transmit equally to the progeny (Thoquet et al. 2002). Chi-square analysis was used 
to detect any marker segregation distortion in this population. A segregation ratio of 
1:1 at P>0.05 was expected. In total 157 markers, or 28% of all mapped markers, 
showed significant distortion. Linkage group 2 showed the highest number of 
distorted loci with 59% of the markers not meeting the expected ratio. Linkage 
group 6 and 7 had the lowest levels of linkage distortion with 10% of the markers 
showing distortion. Other linkage maps in lentil have reported similar levels of 
linkage distortion. Saha et al. (2010) noted that 22% of the markers used in their 
linkage map, comprised of SSR, RAPD, SRAP and morphological markers, showed 
distortion. However, other maps have reported lower levels. The intraspecific lentil 
map published by Rubeena et al. (2003) contained RAPDs, ISSRs, and resistant gene 
analogs (RGAs) and had a 14.4% marker distortion. Eujayl et al. (1998) noted 
segregation distortion to be only 8.4% in their interspecific lentil map. Interspecific 
populations normally have greater levels of segregation distortion because of the 
lack of homology between the chromosomes of the different species (Flandez-
Galvez et al. 2003). It is interesting to note that an interspecific population would 
have a lower segregation distortion versus the intraspecific population used in this 
study. However, for the 1536 Golden Gate assay, it has been noted that some of the 
SNP markers segregated in a way that represented gene duplications (Sharpe et al. 
2013). Markers that are located within sequence duplications may not segregate in 
the expected ratio of a single gene, which would then appear as segregation 
distortion (Xian-Liang et al. 2006). This is a possible explanation for the higher 
levels of segregation distortion. 
 Within this LR-18 map there were regions that showed clusters of SNPs 
closely mapped together. The clusters were then separated by large distances 
(>10cM). This might be explained by how the SNP markers were developed. They 
were selected based on 3’-cDNA transcript profiling, using 454 sequencing, of 
multiple lentil genotypes. Therefore, all the SNPs came from only the coding regions 
of lentil and none came from the non-coding regions. King (2002) noted that 
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organisms with large genomes contain clusters of genes separated by non-coding 
regions like repetitive DNA. This may account for the clustering observed in lentil.  
  For this study we developed a linkage map from the cultivated gene pool in 
lentil.  The parents of the population are two elite lines; CDC Robin is a cultivar and 
964a-46 is a breeding line. Maps developed from better adapted germplasm will 
provide a more applicable map because the markers mapped are polymorphic 
within the gene pool. Breeders should find this map useful as many of the markers 
will also be polymorphic within their elite breeding material, thus making this map 
suitable for mapping QTLs. 
In conclusion, we have developed the first linkage map in lentil using SNP 
markers. A version of this map, without the morphological markers, has been 
published (Sharpe et al. 2013). The use of SNP markers has greatly increased the 
number of mapped markers in lentil. It will also increase the resolution of QTL 
mapping and provide more robust markers for MAS. This map could also be used for 
improved comparative genomic analysis with other legume species, such as 
Medicago truncatula, which could lead to candidate gene identification. 
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Chapter 4  
Linkage Mapping of Seed Size and Shape QTLs 
4.1 Introduction and Objectives  
Quantitative traits have been mapped in lentil for the purpose of associating 
molecular markers with phenotypic traits. This would help accelerate crop breeding 
by means of MAS. However, in lentil very few molecular markers are used in MAS 
for breeding. This is primarily because many of the molecular markers are not 
reproducible in the breeding germplasm, or are difficult and too expensive to screen 
(Vail 2010; Ford et al. 2009). Recently, Sharpe et al. (2013) developed a lentil 1536 
Golden Gate SNP assay that is reproducible and locus specific in the Lens culinaris 
ssp. culinaris genetic background. In Chapter 3, a linkage map was developed using 
this assay in the LR-18 population. We can now use the linkage map to map 
quantitative traits, like seed size and shape. 
The purpose of this study was to detect the genomic regions associated with 
seed size, seed shape and flowering time in a mapping population, using SNP 
markers, evaluated at two different locations in Saskatchewan, Canada. The 
objective was to produce functional SNP markers associated with those traits which 
could be used for routine MAS in the breeding program.  
4.2 Materials and Methods 
4.2.1 Plant Material 
Lentil recombinant inbred line (RIL) population, LR-18, was developed from 
a cross between cv. CDC Robin (Vandenberg et al. 2002) and the line 964a-46 from 
the lentil breeding program at the Crop Development Centre, University of 
Saskatchewan. CDC Robin produces seeds that are small in diameter but relatively 
plump. The breeding line 964a-46 produces seeds that are large in diameter but not 
as plump (Figure 4.1).  
A total of 147 F7-derived RILs were assessed at two different locations: 
Saskatoon (Preston) and 15 km SE of Saskatoon (SPG) in 2009 and 2011. The RILs 
 32 
were grown in 1m2 microplots in a randomized complete block design with 3-
replicates. 
 
Figure 4.1. Differences in seed size and shape among the parents and two randomly 
chosen RILs from the LR-18 population. 
4.2.2 Phenotyping 
The number of days to 50% flowering (DTF) was recorded for all plots at all 
locations.  The harvested seed samples were measured for seed diameter and seed 
thickness using round-hole and slotted sieves, respectively, as described by Hossain 
et al. (2010). Seed diameter was measured by passing at least 50g of a sample 
through a set of seven round-holed sieves from 5.8 mm (15/64”) down to 3.6 mm 
(9/64”) in 0.25 mm (1/64”) increments. Thickness was measured by passing the 
same samples through a set of six slotted sieves from 2.8 mm (7.5/64”) down to 2.0 
mm (5/64”) in 0.2 mm (0.5/64”) increments. All samples were shaken through the 
sieves for one minute on a flat-bed shaker prior to weighing the seed retained on 
each sieve. Values for seed diameter and thickness for each sample were then 
calculated using the formula: 
 
% on sieve = wt(g) on sieve/wt(g) total sample *100 
Seed Size = Σ(% on sieve * sieve hole size (mm))/100 
 
Seed plumpness was calculated by dividing the seed thickness by the seed diameter 
values for each genotype.  
To determine the accuracy of this method a comparison with caliper-based 
data was made. For each of 25 samples, 10 seeds were randomly selected and 
measured for seed diameter and seed thickness with a caliper. The means were then 
calculated from the ten measurements. Plumpness was determined by dividing 
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thickness by diameter. The values were then correlated with the values developed 
by the seed screening method.  
Cotyledon colour (Yc - yellow or red; Slinkard 1978) was determined for 
each of the RILs. Seed coat colour was used to determine which allele at Ggc and Tgc 
they were carrying as well as if there was a seed coat pattern or not (Scp) 
(Vandenberg and Slinkard 1990).   
4.2.3 Statistical Analysis 
 The years and locations of the field trials were combined to form site-years. 
All statistical analyses were done using the software R v2.11.1 (R Development Core 
Team 2011). A linear mixed-model was fit using the reps and site-years as random 
factors, while the genotypes were considered fixed. The R package nlme was used to 
fit the linear mixed model using the lme function (Pinheiro and Bates 2000). The R 
package lme4 was used to calculate the variance components under a mixed model 
using the function lmer (Bates 2007).  
4.2.4 QTL Analysis 
 A linkage map, consisting of 547 SNPs, 10 SSRs (Sharpe et al. 2013) and the 
four morphological markers (Yc, Ggc, Tgc and Scp) was constructed for the LR-18 
population (Chapter 3) and used for QTL analysis. QTL analysis was done using 
MapQTL 5.0 (Van Ooijen 2004). One thousand permutation tests were run to 
determine the LOD threshold value. A value of 3.0 was determined and used to 
declare significant QTLs. Interval mapping (IM) was used for each location and year. 
Markers that showed high LOD values were selected as co-factors and through 
composite interval mapping (CIM) were analyzed for QTLs. 
4.3 Results 
4.3.1 Phenotypic Data 
The seed diameter, thickness and plumpness values that were determined 
using the sieve screening method were significantly (p<0.05) correlated with the 
values measured with a caliper. The estimates of seed diameter (r=0.90), seed 
thickness (r=0.88) and seed plumpness (r=0.91) all had high correlations. This gave 
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confidence in the use of the sieving method for assigning seed morphology values to 
each sample. 
 Analysis of variance revealed that genotype had a significant effect (P 
0.001) on all seed morphology traits and flowering time (Table 4.1). Site-year was 
significant for seed thickness, seed plumpness and flowering time. The genotype x 
site-year interaction was also significant for all traits.  
 
Table 4.1. ANOVA results including F-values for seed diameter, thickness, 
plumpness and DTF for genotype and environmental effects. 
  F – values 
Effect df Diameter Thickness Plumpness Flowering Time 
Genotype 146 114.0*** 15.5*** 150.8*** 8.26*** 
Site-Years 3 2.9 ns 165.2*** 445.5*** 468.04*** 
Genotype x 
Site-Years 
 
438 
 
2.1*** 
 
1.9*** 
 
2.6*** 
 
1.96*** 
CV%  8.11 5.05 8.55 8.54 
*** significant at P 0.001, ns not significant 
  
The overall means of seed thickness and seed plumpness in the 2009 
growing season were greater than in 2011, while for seed diameter there was no 
difference between the years (Figure 4.2). The 2009 SPG site had the greatest seed 
thickness and also the greatest seed plumpness versus the other site-years. DTF 
showed the most site-year variability amongst all the traits measured. The SPG site 
had longer DTF for both 2009 and 2011 compared to the Preston site (Figure 4.2).  
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Figure 4.2. Box and whisker plots of the distribution of seed diameter, thickness and 
plumpness, and DTF in the LR-18 (CDC Robin x 964a-46) RIL population grown at 
Preston and SPG in 2009 and 2011. The mean value of the parents are labeled with 
an arrow. 
 
Pearson’s correlation (r) coefficients were calculated for all the traits 
measured within each of the site-years (Table 4.2). All traits showed some level of 
significant correlation, but for some traits certain site-years were not significant. 
Seed diameter and seed plumpness showed the highest significant correlation with 
all site-years averaging a negative correlation of r=-0.90. All site-years for seed 
diameter and seed thickness correlations were significant but remained below 
r=0.40. Only two of the four site-years had a significant correlation between seed 
thickness and seed plumpness. DTF was significantly correlated with all seed 
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morphology traits for all site-years. DTF had the highest correlation with seed 
plumpness, averaging r=0.36.  
Table 4.2. Pearson’s correlation coefficients of seed traits and DTF, for each site-year 
Trait Site Year Diameter Thickness Plumpness DTF 
Thickness SPG 2009 0.38*** -   
 Preston 2009 0.16*** -   
 SPG 2011 0.22*** -   
 Preston 2011 0.32*** -   
Plumpness SPG 2009 -0.90*** 0.04ns -  
 Preston 2009 -0.90*** 0.28*** -  
 SPG 2011 -0.88*** 0.26*** -  
 Preston 2011 -0.92*** 0.04ns -  
DTF SPG 2009 0.17*** -0.12* -0.24*** - 
 Preston 2009 0.21*** -0.30*** -0.34*** - 
 SPG 2011 0.40*** -0.21*** -0.50*** - 
  Preston 2011 0.26*** -0.17** -0.34*** - 
*** significant at P 0.001, ** significant at P 0.01, * significant at P 0.05, ns not 
significant 
Variance components were used to calculate the heritability of each trait 
(Table 4.3). Seed diameter and plumpness were highly heritable (0.92 and 0.94, 
respectively); while seed thickness had a more moderate heritability (0.60) and the 
heritability of DTF was even lower (0.45). 
Table 4.3. Estimates of variance components and broad-sense heritability for seed 
size traits and DTF for RILs grown at two locations over two years (four site-years).  
Variance 
Component 
Diameter Thickness Plumpness DTF 
2G 0.12 0.003 0.0015 1.14 
2G * Site Year 0.0024 0.0007 0.00006 0.61 
2E 0.0065 0.003 0.00001 2.13 
2P 0.13 0.005 0.0016 2.52 
H2 0.92 0.60 0.94 0.45 
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4.3.2 QTL Analysis  
QTLs were located on five of the seven linkage groups (Table 4.4, Figure 4.3). 
For seed diameter, three different QTLs were identified, all of them present in all 
site years. The QTL that accounted for the most variation (>23%) was located near 
the cotyledon colour locus (Yc) on linkage group 1. The other major QTLs for seed 
diameter were located near the SNP markers LcC00853p101and LcC00890p1387 
on linkage groups 2 and 7, respectively. Together these three QTLs explained at 
least 60% of the variation for seed diameter for all site-years. The additive effects 
results indicated that the seed diameter allele for each of these markers came from 
the large seed diameter parent, 964a-46 (Table 4.4). 
 Seed thickness QTLs were detected on linkage groups 1,2,4,5,6 and 7. There 
were multiple QTLs that were specific to each site year. The QTL that was most 
stable throughout the different site-years was the one located on linkage group 7 
(Figure 4.3). This QTL explained an average 8.4% of the variation in each of the 
three site years it was declared significant. The additive effects also showed that the 
allele contributing to the QTL came from CDC Robin. 
 Seed plumpness QTLs were present on linkage groups 1, 2 and 7. Seed 
plumpness shared the same QTL on linkage group 1 with seed diameter at the 
cotyledon colour (Yc) locus. The QTL present on linkage group 7 also shared the 
same marker locus (LcC00890p1387) with the seed diameter QTL. The third QTL, 
linked to the SNP marker LcC00853p101, mapped to the same location as the seed 
diameter QTL on linkage group 2. Both the QTLs on linkage groups 1 and 7 
explained the majority of the variation with their combined values explaining over 
50% of the variation for each site-year. The QTL located on linkage group 2 
explained less than 10% of the variance. 
 QTLs identified for DTF were located on linkage groups 1, 2 and 7. The QTL 
located on linkage group 1 was the only QTL for DTF that was significant in multiple 
site-years. This QTL was also located in the same genomic region as Yc and the seed 
diameter and seed plumpness QTLs.  
 38 
Table 4.4 QTLs identified for seed diameter, seed thickness, seed plumpness and 
DTF at four site years.  
Trait ψ Site ϯ Marker  
Linkage 
Group Position LOD 
% 
Exp Add. Effects 
 Diameter Pres 09 Yc 1 23cM 26 31 -0.18742 
 Diameter SPG 09 Yc 1 23cM 23 26.9 -0.2059 
 Diameter Pres 11 Yc 1 23cM 30.5 38.4 -0.22967 
 Diameter SPG 11 Yc 1 23cM 29 36.3 -0.20761 
 Diameter Pres 09 LcC00890p1387 7 7.5cM 21.3 22.7 -0.15645 
 Diameter SPG 09 LcC00890p1387 7 7.5cM 24.3 29.6 -0.21072 
 Diameter Pres 11 LcC00890p1387 7 7.5cM 21.4 23.1 -0.17403 
 Diameter SPG 11 LcC00890p1387 7 7.5cM 21.6 24.2 -0.16489 
 Diameter Pres 09 LcC00853p101 2 59.7cM 15.6 14.8 -0.13508 
 Diameter SPG 09 LcC00853p101 2 59.7cM 11.8 10.7 -0.13533 
 Diameter Pres 11 LcC00853p101 2 59.7cM 9.9 8.5 -0.11308 
 Diameter SPG 11 LcC00853p101 2 59.7cM 10.5 9 -0.10783 
 Thickness Pres 09 LcC04409p171 7 3.7cM 12.35 25.5 0.033645 
 Thickness Pres 11 LcC04409p171 7 3.7cM 4.45 11.7 0.016051 
 Thickness SPG 11 LcC04409p171 7 3.7cM 8.51 23.5 0.035911 
 Thickness Pres 09 LcC09777p203 4 13.3cM 4.01 7.8 -0.01811 
 Thickness Pres 11 LcC09777p203 4 13.3cM 3.08 7.2 -0.0127 
 Thickness Pres 09 LcC05284p449 6 45.3cM 3.55 6.4 -0.01686 
 Thickness SPG 09 LcC05284p449 6 45.3cM 4.01 11.1 -0.02767 
 Thickness SPG 09 LcC05579p160 5 61.25cM 3.04 8.3 -0.02399 
 Thickness Pres 11 LcC02348p98 2 53.9cM 4.56 12.1 -0.01706 
 Thickness Pres 11 LcC20026p128 1 71.4cM 3.86 10.1 -0.01517 
 Thickness SPG 11 LcC05332p332 7 39.4cM 3.59 9.2 -0.02246 
Plumpness Pres 09 Yc 1 23cM 23.85 27.6 0.021228 
Plumpness SPG 09 Yc 1 23cM 20.86 22.2 0.021197 
Plumpness Pres 11 Yc 1 23cM 34.2 39.8 0.024883 
Plumpness SPG 11 Yc 1 23cM 28.28 32.4 0.022619 
Plumpness Pres 09 LcC00890p1387 7 7.5cM 27.98 35.5 0.023445 
Plumpness SPG 09 LcC00890p1387 7 7.5cM 26.79 32.4 0.025598 
Plumpness Pres 11 LcC00890p1387 7 7.5cM 28.64 30.4 0.021251 
Plumpness SPG 11 LcC00890p1387 7 7.5cM 29.71 35.6 0.022976 
Plumpness Pres 09 LcC00853p101 2 59.7cM 6.69 5.6 0.010055 
Plumpness SPG 09 LcC00853p101 2 59.7cM 6.47 5.2 0.010969 
Plumpness Pres 11 LcC00853p101 2 59.7cM 5.5 3.6 0.007987 
Plumpness SPG 11 LcC00853p101 2 59.7cM 5.3 4 0.008383 
DTF Pres 09 Yc 1 23cM 5.23 12.6 -0.43309 
DTF Pres 09 LcC06044p758 1 63.4cM 4.55 10.9 -0.39292 
DTF SPG 09 Yc 1 23cM 3.58 10.8 -0.50231 
DTF Pres 11 Yc 1 23cM 8.16 20.7 -1.17264 
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DTF Pres 11 LcC09496p566 7 5.4cM 5.23 13 -0.90865 
DTF SPG 11 Yc 1 23cM 15.86 34.9 -0.58147 
DTF SPG 11 LcC23363p108 2 76.9cM 3.48 6.2 -0.23647 
Ψ Diameter: Seed diameter; Thickness: Seed thickness; Plumpness: Seed Plumpness; 
DTF: Days to Flowering 
Ϯ Pres: Preston; SPG: Sask Pulse Growers 
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4.4 Discussion 
In this study, lentil seed diameter, seed thickness and seed plumpness, along 
with DTF, were phenotyped in the mapping population LR-18 and then analyzed for 
QTLs using the linkage map developed in Chapter 3. This is the first study to map 
seed size and shape QTLs in an intraspecific lentil population. This is also the first 
reported study in lentil using SNP markers for QTL mapping. 
For this study seed weight was not measured. Seed weight could be used to 
differentiate large versus small seeds, but would not be practical in determining 
seed shape. For example in rice, QTLs for seed weight and QTLs for seed length, 
width and length/width were not associated with one another (Qiu et al. 2012). 
Furthermore, Fratini et al. (2007) investigated seed weight and seed diameter in an 
intraspecific sub-species lentil population, and found a significant but low (0.34) 
correlation between the two traits. Fratini et al. (2007) also mapped both seed 
weight and seed diameter QTLs and found three different QTLs for both traits. None 
of those QTLs were co-located. This suggests that seed weight, or seed weight 
marker loci, would not be suitable for selecting for size and shape traits, such as 
seed diameter and seed plumpness, in lentil.  
Studies in other crops have revealed that seed size is a complex trait that is 
highly influenced by the environment (Cobos et al. 2007; Breseghello and Sorrells 
2007). In lentil, previous studies involving seed size QTLs (Fratini et al. 2007; Abbo 
et al. 1991) have not addressed environmental interactions. In this current study, 
significant genotype x environmental interactions were detected. Throughout lentil 
seed development, seed diameter appears to reach its maximum size quickly and is 
more buffered against variability in the environment. Seed thickness however, 
appears to be more subject to environmental variability, with ideal growing 
conditions resulting in thicker seed. The 2009 and 2011 growing seasons differed 
considerably in Saskatchewan. The mean temperature for the months of May to 
August in 2009 was 13.8C and 15.5C in 2011 (Environment Canada 2011). The 
total precipitation from May to August in 2009 and 2011 were 215(mm) and 
197(mm), respectively. Interestingly, the 2009 growing year had nearly 50(mm) 
greater precipitation compared to 2011 for the months of July and August, the 
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months of flowering and seed filling. The greater moisture availability after 
flowering time, in the 2009 growing season may explain why seeds were thicker and 
plumper in that year. Seed diameter, however, showed no significant differences in 
variability across the different environmental conditions. No studies in lentil have 
mentioned the underlying mechanisms that determine why certain traits in lentil 
seed development are more susceptible to environmental differences. However, 
there are a number of studies in other legume crop species where seed development 
has been closely examined (Le et al. 2007). Domoney et al. (2006) also highlighted 
that there are largely two distinct phases in legume seed development of which seed 
diameter, seed thickness and seed plumpness would belong to. The first 
developmental phase, cell division, is noted to depend on the embryo genotype, 
which controls the cotyledon cell number. This phase is largely insensitive to 
environmental variability. Due to low environmental interactions and high 
heritability, seed diameter and seed plumpness can be considered to be controlled 
by loci that are regulated in this developmental phase. The second phase, cell 
expansion, is highly influenced by the environment, and has been noted to be 
regulated by loci involved in photosynthate partitioning. Seed thickness would 
belong in this developmental phase. However, it is worth noting that there were 
genotypic effects for seed thickness, suggesting that it is not entirely controlled by 
environmental conditions. Loci that influence the rate of photosynthate 
accumulation in the seed could be contributing to this genetic variability.  
The level of environmental variation for each trait was reflected in the 
heritability estimates.  Both the diameter and plumpness heritabilities were very 
high, but the seed thickness was more moderate. Flowering time had the lowest 
heritability (0.45) which is probably a reflection of the noticeable difference 
between the average DTF from location to location and year to year. These results 
for flowering time agree with the findings of Tullu et al. (2008) who found that 
flowering time in their lentil population had an even lower heritability of 0.31. 
Results presented in this study showed much higher seed size and shape 
heritabilities relative to other legume crops. In soybean, Cober et al. (1997) found 
that heritability for seed size ranged from 0.26-0.50 and seed shape heritabilities 
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ranged from 0.59-0.75 among four populations. In common bean (Phaseolus 
vulgaris) the heritability for seed shape was 0.61 (Genchev 2006). However, both 
soybean and common bean have different morphological seed characteristics 
compared to lentil. Like many legume species, their seed shape is determined by a 
three axial dimension (length x width x thickness) instead of the two axial (diameter 
x thickness) ratio of lentil.  
QTL analysis was used to dissect the quantitative nature of these traits and 
identify regions of the genome that contributed to the genetic variability. It was 
observed that all seeds with large diameter RILs had yellow cotyledons and the RILs 
with smaller diameter seeds had red cotyledons suggesting a high level of linkage 
between seed diameter and cotyledon color. It was not surprising, therefore, to 
discover that the seed diameter QTL that explains the highest level of variation was 
linked to the Yc locus. These findings agree with Abbo et al. (1991) who mapped 
seed weight QTLs to the cotyledon color locus in two interspecific populations, L. 
culinaris ssp. culinaris x L. c. ssp. orientalis and L. culinaris ssp. culinaris x L. ervoides. 
In chickpea, it has also been reported that seed weight and beta-carotene, a 
carotenoid which controls cotyledon color, also share the same QTL (Abbo et al. 
2005). However, when Fratini et al. (2007) mapped the cotyledon colour marker in 
an F2 population derived from a cross between L. culinaris ssp. culinaris and L. c. ssp. 
orientalis, they found no association between this locus and seed diameter QTLs. 
Tullu et al. (2001) also found that there was large variation in seed weight 
compared to cotyledon color when analyzing a lentil core collection. This suggests 
that the linkage between seed diameter and cotyledon colour may be specific to 
certain populations. Furthermore, within the lentil breeding program at the CDC 
there has been segregation of seed diameter and cotyledon colour noted in 
populations derived from crosses between yellow and red cotyledon parents (A. 
Vandenberg, pers. comm.). This material could be used for further breeding in 
developing improved seed diameter in lentil.  
Seed thickness QTLs were detected on 6 of the 7 linkage groups. Only three 
of those QTLs were significant in multiple site years. This highlights the genotype by 
environment interactions for seed thickness. Seed thickness was significantly 
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correlated with seed diameter and DTF at all site-years. It was also correlated with 
seed plumpness, but for only two site-years. However, no QTLs for seed thickness 
were shared with the other seed morphology or flowering time QTLs. The marker 
LcC04409p17 did map close, ~4cM, to the marker LcC00890p1387 which was 
associated with seed diameter and seed plumpness QTLs.  
For seed plumpness, all three QTLs reported were also located in the same 
position as seed diameter QTL. These three QTLs were located on linkage group 1 at 
the Yc locus, linkage group 2 at the SNP marker LcC00853p101 and linkage group 7 
at the SNP marker LcC00890p1387. Sharing the same QTLs for seed diameter and 
seed plumpness was expected because the correlations between the two traits were 
high ranging from r=-0.88 to r=-0.92 and were significant for all site years. Salas et 
al. (2006) evaluated seed shape traits in soybean and found that there were certain 
QTL regions that controlled multiple seed traits like seed length, height, weight and 
volume. This suggests that certain seed quality/morphology traits in lentil, and in 
other legume crops, are inherited together, either through linkage or pleiotropy. 
This would make breeding for each trait, independent of other seed morphology 
traits, difficult. In retrospect, the LR-18 population may not have been ideal for 
studying seed plumpness in lentil. The high correlation between diameter and seed 
plumpness suggests that, in this population anyway, seed diameter highly influences 
the level of plumpness that a given genotype may have. It could be because the 
population is actually not segregating for seed plumpness. A possible solution would 
be to use a mapping population where the two parents have nearly the same seed 
diameter, and maybe belonging to the same market class, but differ in their seed 
plumpness.  
DTF was significantly correlated with all the seed size and shape traits; albeit 
all correlation values were below 0.50 (Table 4.2). The only QTL significant in 
multiple site years for DTF was located on linkage group 1 at the locus Yc, the same 
as seed diameter and seed plumpness. In soybean and common bean, flowering time 
and seed size QTLs have also been mapped to co-incident regions (Watanabe et al. 
2004; Pérez-Vega et al. 2010). Another example is the AP2 gene in Arabidopsis, 
which is known to control flower development and seed size (Jofuku et al. 1994). 
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This suggests that the Yc locus could be controlled by a similar mechanism, where 
one gene controls multiple seed and flowering time traits. However, Sarker et al. 
(1999) mapped the Yc marker and flowering time in an interspecific lentil 
population and found them to be unlinked.  Fratini et al. (2007) also mapped a 
flowering time QTL in an interspecific population and found no seed weight or seed 
diameter QTLs were nearby. The flowering time QTL in the Fratini et al. (2007) 
study mapped near the seed coat pattern (scp) locus, which mapped to linkage 
group 6 in the LR-18 population. No QTLs for flowering time were observed on 
linkage group 6 in the LR-18 population.   
With the recent developments in lentil genomics, described by Sharpe et al. 
(2013), comparative analysis can be used to determine if any of these genes located 
in model species correspond to the QTLs identified in this study. With the 
availability of high throughput genome scans for lentil, association mapping can 
now be applied to diverse material. The higher levels of recombination contributing 
to the lower levels of linkage disequilibrium found in more diverse material could 
result in finer mapping of markers. This could also result in less co-inheritance of 
traits.  Association mapping studies, in conjunction with this one, could lead to 
improved strategies for marker-assisted breeding to select for specific shapes and 
sizes of lentil. 
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Chapter 5  
Association Mapping of Seed Size and Shape in Lentil 
5.1 Introduction and Objectives 
 In Chapter 4 a bi-parental population was evaluated for seed diameter, seed 
thickness, seed plumpness and DTF QTLs. It was observed that many of the QTLs 
shared the same mapping positions and appeared to be inherited together. 
Observations throughout the lentil species shows that broad phenotypic variability 
exists for seed diameter, seed thickness and seed plumpness. Association mapping 
(AM) is a QTL mapping method that can accommodate broader phenotypic variation 
versus bi-parental populations like LR-18. Association mapping identifies QTLs 
through linkage disequilibrium. Linkage disequilibrium (LD) is the non-random 
association of alleles at different loci. If a marker is in LD with a gene locus 
controlling a trait, they can be statistically associated. Unlike F2 or RIL populations, 
the association panels used in AM consist of individuals that are not directly related 
and have gone through recombination at far greater levels, which can result in a 
finer mapping resolution of QTLs.  
For this study an association panel was assembled, of individuals displaying 
large amounts of phenotypic variation, to understand and identify SNP marker loci 
associated with seed size and shape in lentil. The objectives of this study were to 1) 
determine the levels of population structure and familial relatedness in the panel, 2) 
determine the level of linkage disequilibrium in cultivated lentil and 3) identify SNP 
markers associated with seed size, seed shape and DTF. 
5.2 Materials and Methods 
5.2.1 Plant Material 
A total of 143 lines in 1m2 plots in RCBD with three replicates were grown at 
two different locations near Saskatoon, SK (SPG and Preston) in 2011. These lines 
included four breeding lines and 52 cultivars from the Crop Development Center 
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(CDC) in Saskatoon SK. The material that came from the CDC is described in Table 
5.1. The origin of all the accessions is listed in Appendix 1.  
Table 5.1. Market classes of the CDC material used in this study. Many of the 
landraces do not fit the criteria for the Canadian market classes and as a result were 
not included in this table.  
CDC material No. of lines 
Small green 7 
Medium green 6 
Large green 11 
Extra small red 7 
Small red 16 
French green 2 
Non-standard market class 3 
 
In addition, 91 landraces obtained from the genebanks at ICARDA in Aleppo, Syria 
and the USDA-ARS in Pullman, Washington were analyzed. All the lines that were 
used in this panel differed considerably in seed size and shape (Figure 5.1.)  
 
 
Figure 5.1. Example of differences in seed size and shape among the material grown 
in the association panel.  
 
5.2.2 Phenotyping 
The mature seed samples were measured for seed diameter and seed 
thickness using round-hole and slotted sieves, respectively, as described in Chapter 
4. Seed plumpness was determined by dividing the seed diameter by the seed 
thickness. The number of days to 50% flowering was recorded for each plot.  
5.2.3 Genotyping  
 Leaf tissue was collected from the field from multiple plants of each 
genotype. The DNA was extracted using a CTAB extraction method and quantified 
(Doyle and Doyle 1990). The lentil samples were genotyped with the Lc1536 
GoldenGate array as described in Chapter 3. All genotyping information is available 
through the KnowPulse web portal (http://knowpulse2.usask.ca/portal/).  
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5.2.4 Linkage Disequilibrium  
 In total, 451 SNP markers were polymorphic in both the association panel 
and the RIL population. Only 305 markers were chosen to estimate the linkage 
disequilibrium (LD) in lentil, because many of the markers mapped very close, or to 
the same position.  The software package Graphical Genotypes (GGT 2.0) (van 
Berloo 2008) was used to calculate pair-wise r2 values for markers within each 
linkage group. Visualization of LD decay was plotted using the program R (R 
Development Core Team 2011). LD was measured from the combined results of the 
whole panel as well as with cultivars and landraces separated. Decay of LD over the 
genetic distance (cM) was calculated by plotting the pair-wise r2 values, between 
markers on the same linkage group, over their genetic distance (cM). A second-
degree locally weighted scatterplot smoothing (LOESS) line was fitted to each figure. 
The relationship between LD and genetic distance was evaluated using a method 
whereby a fixed r2 value of 0.1 was used a baseline (Robbins et al. 2011). Estimation 
of LD decay was at the point that the LOESS curve first intercepts the baseline r2 
value. 
5.2.5 Phylogenetic Tree Construction 
 Genetic distance was calculated using Nei’s (1972) standard genetic distance 
measurement using the program SPaGeDi (Hardy and Vekemans 2002). A total of 
1000 individual bootstrap replications were performed. The phylogenetic tree was 
constructed using UPGMA and visualized in the program TreeView (Page 1996).  
5.2.6 Population Structure and Kinship Calculations 
 The program STRUCTURE v2.2 (Pritchard 2000) was used to calculate the 
number of sub-populations in the panel. The panel was analyzed using the 
admixture model, with a burn-in time of 50,000. The number of Markov chain Monte 
Carlo repetitions was set to 50,000. The number of K runs was set from 2-10, with 
five iterations for each K value. The number of groups that was selected was based 
on the procedure used by Evanno et al. (2005). The values for each K were 
submitted to the STRUCTURE harvester website 
(http://taylor0.biology.ucla.edu./struct_harvest/) which returned the  K value 
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(Earl et al. 2012). The group that had the highest ad hoc statistic  K value was 
selected.  
SPAGeDi (Hardy and Vekemans 2002) was used to create a kinship 
coefficient estimation matrix, with negative values between individuals set to 0. 
5.2.7 Association Analysis 
 The software program TASSEL (Bradbury et al. 2007) was used for the 
association analysis. To reduce false or spurious associations, population structure 
(Q) and kinship (K) were calculated first. They were used as covariates in a mixed 
linear model (MLM) for the associations.  A generalized linear model (GLM) was also 
used where only the Q was used as a covariate. The significance levels were 
modified using the Bonferroni correction, where each significance value was divided 
by 982, the number of markers used. Anything below the corrected <0.05 p-value 
was considered significant.  
5.3 Results 
5.3.1 Phenotypic Data 
For all traits measured there were significant differences amongst the 
genotypes (Table 5.2). Location was significant only for seed thickness and seed 
plumpness. The genotype by location interaction was also significant for all traits. 
Due to the interaction of the traits with the environment, associations were 
analyzed for each site separately.  
Table 5.2. F-values for seed diameter, seed thickness, seed plumpness and DTF.   
  F – values 
Effect df Diameter Thickness Plumpness DTF 
Genotype 132 135.3*** 13.7*** 83.6*** 7.86*** 
Location 1 13.4ns 84.0* 25.5* 16.58ns 
Genotype * 
Location 
132 3.2*** 3.7*** 3.6*** 1.84*** 
CV%  14.06 5.05 8.55 8.54 
*** P 0.001, **P 0.01, *P 0.05, ns not-significant 
Broad-sense heritability was calculated for each trait using variance 
components (Table 5.3). Both seed diameter and seed plumpness showed high 
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heritability of 0.94 and 0.97, respectively. Seed thickness and flowering time were 
more moderate with both having a heritability of 0.62.  
Table 5.3. Variance components and broad-sense heritability of seed diameter, seed 
thickness, seed plumpness and DTF.  
Variance 
Component 
Diameter Thickness Plumpness DTF 
2G 0.37 0.0062 0.0034 2.32 
2G * Loc 0.0067 0.0018 0.00012 0.37 
2E 0.0075 0.002 0.00012 1.07 
2P 0.38 0.01 0.0036 3.76 
H2 0.97 0.62 0.94 0.62 
 
 Pearson’s correlation coefficients were calculated between all the traits 
measured (Table 5.4). Seed diameter and seed plumpness showed the highest 
significant correlation of r=-0.91. The only non-significant correlation was between 
seed thickness and seed plumpness. Flowering time showed significant but lower 
correlations with all the seed traits.   
Table 5.4. Pearson’s correlation coefficients for seed diameter, seed thickness, seed 
plumpness and DTF.  
 Diameter Thickness Plumpness DTF  
Diameter -    
Thickness 0.39*** -   
Plumpness -0.91*** 0.012ns -  
DTF 0.23*** -0.18*** -0.31*** - 
 
5.3.2 SNP Genotyping 
 A total of 1049 SNP markers were found to be polymorphic among the 
entries in the diversity panel. Three genotypes, ILL 4782, ILL 5490 and PI 320953, 
all had >50% missing data, and were removed from the analysis. The polymorphic 
markers were compared with the genetic map from the LR-18 population, 451 
markers were polymorphic in both the mapping population and the diversity panel. 
These markers were evenly distributed throughout the linkage map on all seven 
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linkage groups. For the association analysis, only markers with greater than 10% 
allele frequency (982) were used for the association analysis (Table 5.5). 
Table 5.5. SNPs used in the AM study that mapped in the LR-18 linkage map, and the 
number of SNPs with >10% allele frequencies. 
Comparison with LR-18 linkage map 
Linkage group Number of mapped markers markers >10% allele frequency 
LG-1 74 71 
LG-2 70 70 
LG-3 70 61 
LG-4 65 62 
LG-5 60 55 
LG-6 29 27 
LG-7 83 76 
Unmapped 628 560 
Total 1079 982 
 
5.3.3 Linkage Disequilibrium 
 The LD was calculated for all the lines in the panel and then separately for 
the cultivars and the landraces. For the whole panel, a total of 45,754 pair-wise 
comparisons were made. In total, 7,831 or 17% of loci pairs were in significant LD 
(p<0.001). The breeding material and the landraces were also individually 
examined. The number of significant loci pairs for the breeding material was 6,094 
(13%) and 1914 (4%) for the landraces.  
All pair-wise comparisons were plotted over the genetic distance (cM) and 
fitted with a LOESS curve. Differences between the combined panel, the breeding 
material and landraces were observed (Figure 5.2.). The LD amongst the landraces 
appeared to decay the fastest <5cM, while the combined panel showed LD decay 
around 5cM. The LD for the breeding material was the longest at around 20cM.  
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Figure 5.2. Linkage disequilibrium (r2) plotted against genetic distance (cM) for 
pair-wise comparisons of markers located throughout the genome. The red lines 
indicate the second-degree LOESS that was fit for each plot and help represent the 
rate of LD decay. The green dashed line represents the fixed r2 value of 0.1. Any 
value above 0.1 is considered in LD. 
5.3.4 Population Structure 
The population structure of the panel was calculated using the program 
STRUCTURE. The highest ad hoc statistic  K value was K=4 (Figure 5.3) and 
corresponded best with the different gene pool origins and breeding history of the 
lines. Results of each individual and their level of admixture amongst each of the 
groups are listed in Appendix 2. The two largest groups were groups 1 (red) and 4 
(yellow), containing 35% and 30% of the lines, respectively. Group 2 (green) 
contained 21% while group 3 (blue) was the smallest group containing 14% of the 
lines. Groups 1 and 3 were mainly from the breeding/elite material, while the 
majority of the landraces appeared in group 2 and 4. However, none of the groups 
were completely made up of either the breeding material or the landraces (Figure 
5.4.).  
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The four different groups appeared to be separated by their seed size as well 
as their history of breeding.  Group 1 had a mean seed diameter of 4.23 (mm) while 
group 3 had a mean seed diameter of 5.01 (mm). The two groups consisting mainly 
of landraces, group 2 and 4, had a mean seed diameter of 4.89 and 4.01, 
respectively. However, there were no significant differences among the groups for 
their seed diameter due to the variablity within each group (Figure 5.5.)  
The groups also appeared to reflect some regional differences. Analysis of 
quantitative morphological traits has revealed that there are four regional groups 
that lentil accessions come from (Erskine et al. 1989): the Levantine group (Syria, 
Lebanon, Jordan, Egypt), the northern group (Europe, South America, Iran, Turkey 
and the former USSR), the Indian group (India, Bangladesh) and the Ethiopian group 
(Ethiopia). Of the 19 landraces that were in group 1, ten of those were collected in 
Europe and three were collected in South America, both belonging to the northern 
group. The remaining three were from the Levantine group of countries. In group 2, 
the majority of the accessions came from the Levantine group. For group 3, which 
had only one landrace, the accession came from Russia (northern group) while the 
rest of the lines were derived from the CDC. Group 4 contained mainly accessions 
from the Levantine group and from the Indian group. Group 4 also contained 
accessions from central Asia (Afghanistan, Pakistan). It is unclear as to which 
regional group those accessions would belong. The accessions that seemed to group 
with the cultivars and breeding material the most were the northern group of 
accessions. Adaptation to longer day length or cooler climates may point to the 
similarities between European germplasm and the North American cultivars.  
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Figure 5.3. Subpopulations and admixtures of 140 lentil lines genotyped and sorted 
into populations based on STRUCTURE analysis. Each bar represents the individual 
while the color represents the subpopulation and admixture of each individual.  
 
 
Figure 5.4. Contribution of each ancestral population to the STRUCTURE groups. 
Group 1 consists of elite breeding lines but does carry a significant amount of 
landraces. Groups 2 and 4 mainly consist of landraces while group 3 is 
predominantly elite breeding lines. 
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Figure 5.5. Distribution of seed diameter for each of the population groups identified 
in STRUCTURE.  
 
The UPGMA clustering analysis, which is based on genetic distance, also 
indicates that the lines are grouped mainly by their breeding history and their seed 
size (Figure 5.6). There were two major clusters which then split into two additional 
clusters each.  Individuals from population groups 1 and 3 based on STRUCTURE 
were found mainly in one major cluster, suggesting that there is more genetic 
similarity between individuals in those two groups. Individuals from groups 2 and 4 
typically fell into the second major cluster. Individuals that showed high levels of 
admixture in STRUCTURE, appeared to form additional clusters in the dendogram 
(Fig. 5.6 – un-highlighted individuals). There were some lines that deviated from 
their respective groupings. For example, CDC Redcoat appeared very distant from 
the remaining cultivars and did not cluster with anything else. 
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Figure 5.6. UPGMA dendogram of the lentil diversity panel constructed using NEI’s 
(1972) standard genetic distance measurement method. Regions surrounded by 
different colours correspond to the different sub-groups constructed using 
STRUCTURE.  Un-highlighted clusters were admixtures indicating hybrids between 
groups. 
5.3.5 Association Analysis 
Two different models were used in the association analysis: the generalized 
linear model (GLM) and mixed linear model (MLM). The GLM model takes the 
population structure (Q) into consideration, while the MLM model uses both the Q 
and kinship (K). Because there was an interaction between the genotypes and the 
environment, the two different locations were analyzed separately. For the GLM 
model 31 different associations were observed between molecular markers and 
traits observed (Table 5.6). There were no significant associations with DTF. Fifteen 
of the associations were for seed diameter; nine were for seed plumpness and six for 
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seed thickness. Five of the markers were significant at both locations. The marker 
LcC07680p141 was significant at both locations for seed diameter and seed 
plumpness. Eight markers had been previously mapped to the LR-18 linkage map 
(Chapter 3), while six markers had mapped in the lentil RIL population LR-139 
(Eston x PI 320937) (Alahakoon unpublished). Based on the MLM model, no 
associations were observed for either location.  
 The cumulative p-value distributions were plotted with both the GLM and 
MLM models and with a third model, in which neither population structure nor 
kinship was accounted for. This method can help identify which models are 
correcting for false positives more accurately. The model without any population or 
kinship control skewed towards a greater number of significant associations, which 
would increase the false positive rate (Figure 5.7). The GLM model shows a greater 
number of significant associations versus the MLM model. This is consistent with 
the results observed, where the GLM model had a greater number of significant 
associations while the MLM model had no significant associations.  
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Table 5.6. Significant marker associations with corrected p-values for seed diameter, 
seed thickness and seed plumpness estimated with the GLM model using SNP 
genotyping data for 140 diverse lentil lines.  
    GLM 
Trait Marker p-value Site 
Diameter LcC07680p141 1.15E-08  SPG, Preston 
Plumpness LcC07680p141 6.31E-08  SPG, Preston 
Plumpness LcC05744p200 2.11E-06 Preston 
Thickness LcC22093p71 2.25E-06 Preston 
Diameter LcC05904p141 4.29E-06  SPG, Preston 
Diameter LcC03720p331 4.79E-06 Preston 
Diameter LcC06440p353 5.17E-06  SPG, Preston 
Diameter LcC02075p411 6.50E-06 Preston 
Plumpness LcC03720p331 7.82E-06 Preston 
Thickness LcC17848p320 1.36E-05 Preston 
Plumpness LcC08413p299 2.16E-05 Preston 
Plumpness LcC17429p401 2.21E-05 Preston 
Diameter LcC01215p275 2.59E-05 SPG 
Diameter LcC22735p303 2.60E-05 Preston 
Diameter LcC04319p375 2.87E-05 Preston 
Diameter LcC09496p566 3.00E-05 Preston 
Thickness LcC01398p286 3.20E-05 SPG 
Plumpness LcC05904p141 3.38E-05 SPG 
Plumpness LcC00092p540 3.90E-05 Preston 
Plumpness LcC00632p381 4.32E-05 Preston 
Thickness LcC09496p566 4.98E-05 Preston 
Diameter LcC01869p618 5.02E-05 Preston 
Diameter LcC23126p356 5.56E-05 Preston 
Plumpness LcC23126p356 6.04E-05 Preston 
Thickness LcC00015p324 6.18E-05 Preston 
Diameter LcC00092p540 6.59E-05 Preston 
Diameter LcC08413p299 6.66E-05 Preston 
Diameter LcC07534p343 6.99E-05 Preston 
Diameter LcC06602p283 7.14E-05  SPG, Preston 
Thickness LcC00555p360 7.36E-05 Preston 
Thickness LcC01693p250 9.94E-05 Preston 
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Figure 5.7. Cumulative p-value distributions for the three different association 
models used for each location (SPG and Preston). A model without any population 
structure or kinship control (none) is compared to a generalized linear model (GLM) 
with population control and a mixed linear model with population and kinship 
control (MLM). 
5.4 Discussion 
 Association mapping was used in this study to identify markers associated 
with seed morphology and DTF in a diverse panel of breeding lines, cultivars and 
landraces.  
Linkage disequilibrium decay is used to estimate the number of markers that 
are needed to saturate the genome for association mapping. The LD for the whole 
association panel was calculated, as well as for the landraces and breeding 
lines/cultivars separately. Domestication can lead to gene pools with different allele 
frequencies, which can cause certain allele combinations to change, leading to more 
extensive LD (Hamblin et al. 2010). This explains why LD in domesticated 
populations is generally higher than in wild populations. However, large differences 
can still exist within domesticated populations. For example elite breeding lines 
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have gone through many bottlenecks and would still exhibit much higher levels of 
LD compared to landraces. In corn, LD decay has been noted to exist as high as 
100kb in elite inbred lines (Ching et al. 2002). In contrast, LD decayed within 1kb 
(Tenaillon et al. 2001) in diverse landraces. In this study, the genome-wide LD was 
higher for the breeding material and lower for the landrace material, which 
supports that assumption. This suggests that landraces of lentil could be used in 
further association studies, leading to marker associations that would be closer to 
the polymorphism causing the phenotypic variation. Nonetheless, the LD decay for 
the landrace material that was measured could still be considered high suggesting it 
would perhaps be better to go further into wild material to identify closer 
associations. Self-pollinated crops like lentil are expected to have higher levels of LD 
when compared to outcrossing crops like corn. LD has been noted to extend beyond 
10cM in barley cultivars and even 50-100cM in local populations of Arabidopsis 
(Kraakman et al. 2004; Nordborg et al. 2002). In a panel of elite wheat cultivars, LD 
was reported to decay at a distance of 5cM (Somers et al. 2007). Insight into why the 
LD levels appeared high may come from the genetic map that was used to determine 
the distances between markers. The linkage map that was used in the calculation of 
LD over distance was developed in only one population, LR-18. This map does not 
represent the entire genetic diversity in L. culinaris ssp. culinaris because its 
calculation is based on only the RILs derived from the two parents of the population. 
This linkage map also contains highly clustered regions separated by large gaps 
(>10cM). Whereas in other studies that have calculated LD over distance, the maps 
used were usually consensus maps that were much more condensed with markers 
and represented greater genetic diversity of the species (Somers et al. 2007; Soto-
Cerda and Cloutier 2012). However, for lentil there is currently no consensus map 
available. In addition, LD was also calculated using genetic distance instead of the 
physical distance. Ersoz et al. (2007) notes that LD should be calculated using the LD 
decay from a physical distance on a number of loci, instead of a whole genome. For 
example, some loci which may be linked to domestication or other highly selected 
traits, could be under high levels of LD, which could inflate the LD estimate for the 
rest of the genome. Nonetheless, nearly 50% of the loci showed significant levels of 
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LD. This should mean that there are sufficient levels of LD in lentil for effective 
association mapping to occur with the current SNP marker density.  
 Population structure revealed that four sub-groups were present in the panel 
(Figure 3.). Each of the groups appeared to represent their breeding history with 
groups from elite breeding material and landraces forming different sub-groups. All 
groups, however, were not completely composed of breeding lines or landraces. For 
example, of the 49 lines in group 1, 20 were landraces (Figure 5.4.). Only three 
cultivars were placed into group 2. They were CDC Cherie, CDC Redberry and CDC 
Redcoat. All three belong in the small red cotyledon market class and share similar 
pedigrees. An explanation for why those three cultivars were grouped into group 2 
remains unknown because in each of their pedigrees no crosses with any of the 
other accessions in group 2 were made. In group 3 the only landrace was accession 
ILL 2194. A possible reason why this accession grouped amongst cultivars is that it 
belongs to the northern group of accessions, which share similar seed morphology, 
such as large seed diameter with a green seed coat. Group 4 contained two cultivars 
CDC Imigreen and CDC Plato. When the pedigrees of these two cultivars were 
analyzed there was no obvious explanation as to why they were in group 4. UPGMA 
tree-based analysis, in large part, did support the sub-groups that were formed in 
STRUCTURE. The clusters were similar to the population sub-structures with each 
of the four main sub-groups forming nearly the same clusters. However, there were 
some lines that did not group in the dendogram according to population structure 
estimates. Liu et al. (2008) also measured the population structure of lentil using 
SSR markers. They identified 8 sub-groups using 440 accessions from the Chinese 
National Gene Bank. In this case, the groups were separated mainly on their 
geographic origins. For example, germplasm from India and North America formed 
independent groups. Genetic diversity studies using UPGMA, determined by the 
genetic distance between lines, have also revealed that the geographic origin is a 
primary variable in explaining the variation amongst lentil germplasm (Alabboud et 
al. 2009). The results of this study also confirmed that geographic origins influence 
population structure in lentil. Groups 1 and 3 were mainly made up of North 
American adapted cultivars and the northern group of accessions, while groups 2 
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and 4 were composed mainly of accessions from the Levantine, Indian and 
Ethiopian groups. However, in previous genetic diversity and population structure 
studies the authors did not expand on any possible phenotype characteristics that 
could further explain each group. The morphological characteristic that has 
traditionally distinguished cultivated lentil is seed size. Barulina (1930) was the first 
to distinguish lentil germplasm based on seed size, describing large seeded lentils as 
macrosperma and small seeded types as microsperma. These two types of lentil 
have commonly been referred as two different gene pools within the Lens culinaris 
ssp. culinaris species that were formed during domestication. The results from this 
study at first appeared to indicate that seed size distinguishes sub-groups within L. 
culinaris ssp. culinaris. However, when plotted there were no significant differences 
amongst the groups for seed diameter. These results are similar to the findings of 
Alo et al. (2011). This study measured the population structure of the Lens genus. 
The two L. culinaris ssp. culinaris sub-groups that were analyzed differed in seed 
weight, with larger and smaller sized seeds forming separate groups. There was, 
however, overlap in the distributions of the two groups and according to a t-test 
they were non-significant. A chi square test of the frequency distribution for the two 
groups, however, did show significant difference. Sharma et al. (1995) also observed 
clustering for seed size within the L. culinaris ssp. culinaris species using RAPD 
markers. Studies using RAPD and ISSR markers, found no clear clustering pattern 
between micro and macrosperma lentils (Abo-elwafa et al. 1995; Sonnante and 
Pignone 2001). However, these studies used limited number of markers and small 
population sub-sets.  
After the markers were corrected, in order to reduce the number of false 
positives, only the GLM method showed significant marker associations; whereas 
the MLM model did not. The difference between the two models is that the MLM is 
more stringent by containing a correction for kinship (K) while the GLM does not. 
The cumulative P-value distributions (Figure 5.7) showed that the GLM was skewed 
closer in the direction where no model was used. This shows that the MLM model 
has as more significant fit and that there is a greater chance of spurious associations 
in the GLM model. However, when comparing the significant markers in the GLM 
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with the other significant markers in the bi-parental QTL study it shows that those 
markers map to the same position or near the same QTLs. Other studies have noted 
differences in the number of significant associations between the two models. 
Neumann et al. (2011) noted that differences between the two models appeared to 
be trait dependent. For example, Yu et al. (2005) compared many different models, 
including the Q and Q+K models, for flowering time, ear height and ear diameter in 
corn. They found that the Q+K model showed the highest power for flowering time 
and ear height while for ear diameter the K model showed the highest power. The 
power of the Q model was also high for flowering time and ear height, but low for 
ear diameter. This suggests that neither model is ideal for every trait and every 
species. However for lentil, where the degree of population structure is still largely 
unknown, the Q+K model is more flexible by having the ability to account for both 
population and family based structures.  
 A total of 31 markers were significant in the GLM model after the p-value 
corrections. The most significant marker, LcC07680p141, was associated with seed 
diameter and seed plumpness. This marker did not map in the LR-18 linkage map. 
However, after comparing the contig sequence of the marker with Medicago 
truncatula using BLAST, a homolog of this marker was located on chromosome 5 on 
the Medicago physical map. QTLs for seed weight in Medicago have also been 
associated on that chromosome (D’Erfurth et al. 2012). The marker LcC05904p141, 
significant only for seed diameter, mapped ~600kbp away from the Pea Rug3 gene 
homolog in Medicago (Harrison et al. 1998). This gene helps regulate starch 
synthesis in developing seeds with mutants having small shriveled seeds. Markers 
associated with seed diameter and seed plumpness mapped ~200kbp from a 
sucrose transporting gene (SUT1) on chromosome 4 in Medicago. Homologs of this 
gene have been known to control seed development in pea and faba bean (Borisjuk 
et al. 2008).  
One of the primary advantages of AM is the association of loci that may not 
have been significantly associated with a trait in linkage mapping. This is because 
large numbers of markers may not be polymorphic between the parents of a bi-
population. For this study, it was anticipated that there would be a greater number 
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of loci discovered that were associated with only seed plumpness. A total of six 
markers shared significant associations with seed diameter and seed plumpness. 
However, the marker LcC05744p200 showed high significance for seed plumpness 
but none for seed diameter. The contig sequence of this marker mapped to 
chromosome 5 of Medicago. No other contig sequences for significant seed diameter 
markers mapped nearby. There is potential for this marker to be used to select for 
seed plumpness without unintentionally selecting for seed diameter. An additional 
marker, LcC09496p566, was significant for both seed diameter and seed thickness 
at the Preston location.  
In this study, no significant DTF QTLs were identified by either the GLM or 
MLM model. In other legumes that are close relatives of lentil, such as pea, there is 
abundance flowering time related loci (>20) (Weller et al. 2009). This could provide 
some detail why there were no significant associations for DTF. One of the 
limitations of association mapping is that rare or low frequency alleles often do not 
have enough statistical significance to be detected. In a diverse collection, such as 
the one used for this study, there could be many loci with many alleles that are 
controlling flowering time, which could lower the detection power. Alternatively, as 
the data is from only one growing season, there could simply be insufficient 
variability. This could also be contributing to why there were no associations for 
DTF. 
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Chapter 6 
General Discussion  
6.1 Conclusions and Future Work 
The overall hypothesis of the study was that SNP markers could be 
associated with seed size and shape QTLs using linkage and association mapping 
techniques. This would result in markers that could be used for MAS to select for 
seed size and shape in developing cultivars.  
 Lentil, until recently, was considered an orphan crop with regards to 
genomic research. However this changed with the development of an Illumina 1536 
GoldenGate SNP assay by Sharpe et al. (2013). This was the first study in lentil to 
implement the Illumina 1536 GoldenGate assay. This assay proved to be a highly 
functional tool that could be used to genotype hundreds of individuals, using 
thousands of markers, in a short time. In addition to the RIL population LR-18 being 
genotyped, an association panel was also genotyped. The genetic map constructed 
from the LR-18 population was the first intraspecific linkage map in lentil to form 7 
linkage groups that most likely correspond to the 7 chromosomes of lentil. Also, 
when compared to other maps, the intraspecific map that was developed resulted in 
a higher concentration of markers throughout the map. The map also showed 
regions that were separated by >10cM. This could explain the high LD decay 
calculated for the association panel (Chapter 5). A consensus map for lentil was 
proposed to help close those gaps and provide markers that represent more of the 
lentil genome than just the bi-parental population used to construct the current 
linkage map. Separate populations, LR-139 (Eston x PI 320937) and LR-03 (ILL 
1704 x ILL 7537), have been genotyped with the same assay with the hopes that the 
markers that were not polymorphic in LR-18 will map to those populations. The 
three maps, LR-18, LR-139, and LR-03 could then be combined to further increase 
the resolution of the map and shorten many of the gaps in the current map.  
A method, whereby each seed sample was placed on a flat-bed shaker and 
passed through screens, was used to quantify the seed diameter, thickness and 
plumpness. In both the mapping population LR-18 and the association panel there 
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were significant differences amongst all genotypes for seed diameter, thickness and 
plumpness. This suggests that the screening method was capable of detecting 
enough of the variation. However, seed diameter and seed plumpness were highly 
correlated, in both the mapping population and the association panel, and as a result 
shared many of the same QTLs. If there are separate loci controlling both those 
traits then high correlations between the two make it more difficult to associate 
those loci with markers. Seed diameter and seed plumpness have a natural 
correlation, but it is suspected that since seed plumpness was determined by 
dividing the values of seed thickness by seed diameter, there may have been an 
artificial inflation in the correlation between those traits. There are an increasing 
number of phenotyping software options such as TomatoAnalyzer (Rodriguez et al. 
2010) and SmartGrain (Tanabata et al. 2012), that could be used to phenotype seed 
plumpness in lentil. In addition, methods developed at the Canadian Grain 
Commission have been developed to estimate seed plumpness using digital images 
(Shanin et al. 2006). At least in the LR-18 population, seed plumpness may not have 
been segregating. It was proposed that a population in which the two parents have 
the same seed diameter, but differ in their seed plumpness would result in the 
population segregating solely for seed plumpness. This would allow seed plumpness 
QTLs to be more accurately mapped. Those methods could be implemented to 
increase the accuracy of seed plumpness estimation and potentially decrease it’s 
correlation with seed diameter. This would result in the identification of QTLs that 
independently control each of those traits. 
 Heritability estimates for all the traits that were measured were similar 
between the LR-18 population and the AM panel. In the LR-18 population 
heritability estimates of seed diameter, seed thickness, seed plumpness, and DTF 
were 0.92, 0.60, 0.94 and 0.45, respectively. While in the association panel they 
were: 0.97, 0.62, 0.94 and 0.62 for seed diameter, seed thickness, seed plumpness 
and DTF, respectively. The heritability estimates for seed diameter and seed 
plumpness were very high. One of most useful properties of MAS is efficiently 
selecting traits that have a low heritability. For traits with high heritability 
estimates, like seed diameter and seed plumpness, MAS may not be as useful. 
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However, the lentil breeding program at the CDC often makes three-way crosses 
when developing cultivars. If male parents in the final cross are heterozygous this 
would result in heterogametic progeny (Singh, 1994). It has been proposed that 
gamete selection of those F1 progeny could help enrich the populations to improve 
the material that would be selected in the field. The markers that were associated 
with the highly heritable traits could still then be used for MAS. 
 Estimation of linkage disequilibrium (LD) is an important calculation that is 
needed prior to association mapping to determine the number of markers required. 
Markers that were located on the LR-18 map were used to estimate the LD over 
genetic distance in the association panel. Results showed that nearly 20% of all pair-
wise LD calculations between markers in the association panel were significant. 
Genome wide LD decay was estimated to be ~5cM, which would be enough to 
implement genome-wide AM. However, the extent of LD suggests that the markers 
that were associated with traits are unlikely to be the causal polymorphism 
controlling the trait. LD for the landraces and breeding material was also calculated 
separately. The genetic distance in which LD decayed was lower for the landraces, 
suggesting that landraces could be used in further AM studies to locate markers 
closer to the causal polymorphism.    
DTF was measured to determine if any QTLs were co-located with the other 
seed size and shape QTLs. In Chapter 4, a DTF QTL was co-located with both seed 
diameter and seed plumpness QTLs at the Yc locus in the LR-18 population. If that 
marker was used to select for seed diameter and plumpness, indirect selection for 
DTF would result. There were two more QTLs, on linkage groups 2 and 7, associated 
with seed diameter and plumpness that did not co-located with QTLs for DTF. In 
Chapter 5, no significant marker associations with DTF were detected, suggesting 
that DTF and seed diameter and plumpness QTLs were not co-located. In the AM 
panel, further evidence showed that seed diameter and plumpness were also 
segregating with the Yc locus, leading us to speculate that the previous DTF QTL 
linkage to the Yc locus could also be broken. Nonetheless, this study confirmed, at 
least in some populations, that DTF can co-segregate with other seed size and shape 
QTLs. There were though, other QTLs for seed size and shape that were not linked to 
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DTF loci. Markers linked to those QTLs would be suitable for MAS and would not 
indirectly select for DTF. 
By using both the association and linkage mapping strategies we were able to 
confirm several genomic regions controlling each of the traits and identify potential 
false positives. A total of eight markers identified in the AM study (Chapter 5) were 
located also identified in the LR-18 linkage map (Table 6.1). Six additional markers 
also mapped in the LR-139 population. However, there have been no attempts to 
map seed size or shape QTLs in this population. Five of the markers that were 
significant in the AM study (Chapter 5), were also significant for QTLs in the 
population LR-18 (Chapter 4), confirming their association with those traits. For 
seed diameter there were three QTLs detected on linkage groups 1, 2 and 7 in the 
linkage mapping study. In the AM study there were a total of 15 significant markers 
for seed diameter. Of those markers that were significant in the AM study (Chapter 
5), three mapped in LR-18. Furthermore, those markers only mapped to linkage 
groups 1 and 7. When compared to the QTLs for seed diameter in LR-18, the 
markers that were significant in the AM study were closely located. For example, 
marker LcC05904p141 mapped only 3 cM away from the Yc locus, which was 
significantly associated for seed diameter, seed plumpness and DTF in the LR-18 
population. However, there were significant markers that were in the LR-18 map 
but showed no association with QTLs shown in the AM study. The marker 
LcC03720p331, which was significant for both seed diameter and seed plumpness, 
mapped to linkage group 7 at a locus nearly 6cM away from the QTLs for seed 
diameter and seed plumpness in LR-18. The most consistent QTL for seed thickness 
in LR-18 appeared on linkage group 7. None of the markers associated with seed 
thickness in the AM study appeared on linkage group 7, except the marker 
LcC09496p566. This marker mapped just over 2cM away from the QTL in the 
linkage map. Two markers, LcC00555p360 and LcC01693p250, mapped to linkage 
group 3. However, no QTLs related to seed thickness mapped in the linkage 
mapping study (Chapter 4). Since those markers did not show any association in 
Chapter 4, the likelihood that they are false positives is higher. Those loci controlling 
seed thickness could have also been monomorphic in LR-18 and did not segregate.   
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Table 6.1. Significant markers in Chapter 5 and their positions on the LR-18 and LR-
139 linkage maps.  
Trait Marker LR-139 map LR-18 map 
Diameter LcC07680p141 unmapped unmapped 
Plumpness LcC07680p141 unmapped unmapped 
Plumpness LcC05744p200 unmapped LG-1 
Thickness LcC22093p71 unmapped unmapped 
Diameter LcC05904p141 LG-1 LG-1 
Diameter LcC03720p331 unmapped LG-7 
Diameter LcC06440p353 LG-7 unmapped 
Diameter LcC02075p411 LG-7 unmapped 
Plumpness LcC03720p331 unmapped LG-7 
Thickness LcC17848p320 unmapped unmapped 
Plumpness LcC08413p299 unmapped unmapped 
Plumpness LcC17429p401 unmapped unmapped 
Diameter LcC22735p303 unmapped unmapped 
Diameter LcC04319p375 unmapped unmapped 
Diameter LcC09496p566 unmapped LG-7 
Plumpness LcC00092p540 unmapped unmapped 
Plumpness LcC00632p381 unmapped unmapped 
Thickness LcC09496p566 unmapped LG-7 
Diameter LcC01869p618 unmapped unmapped 
Diameter LcC23126p356 unmapped unmapped 
Plumpness LcC23126p356 unmapped unmapped 
Thickness LcC00015p324 unmapped unmapped 
Diameter LcC00092p540 unmapped unmapped 
Diameter LcC08413p299 unmapped unmapped 
Diameter LcC07534p343 unmapped unmapped 
Diameter LcC06602p283 LG-1 unmapped 
Thickness LcC00555p360 LG-3 LG-3 
Thickness LcC01693p250 LG-3 LG-3 
 
Seed plumpness and seed diameter QTLs were located at many of the same 
loci in both studies. It would be difficult to select lines, using those markers, for seed 
plumpness that would be independent of seed diameter. In the AM study, there were 
two significant markers, LcC05744p200 and LcC17429p401, associated with seed 
plumpness that showed no association with seed diameter. However, the marker 
LcC05744p200 did map on linkage group 1 less than 5cM away from 
LcC05904p141, which was associated with seed diameter. If the calculation of LD 
decay (~ 5cM) is correct, then those two markers would be in LD. This would still 
result in the indirect selection for seed diameter when selecting seed plumpness 
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using that marker. The other marker, LcC17429p401, did not map in the LR-18 or 
LR-139 linkage map, therefore it’s position and its linkage status with other markers 
is unknown. Further studies will be needed to determine if this marker could be of 
value. 
Each SNP marker carries a contig sequence from which it was developed. 
Due to the extent of LD in lentil, it is unlikely that those contigs could be proposed as 
sequences for candidate genes of those traits. However, by using the BLAST 
program we could identify homologous sequences in model crops that map near 
candidate genes for other seed size traits. For example, D’Erfurth et al. (2012) noted 
that a subtilase gene (SBT1.1) located on chromosome 5 of Medicago truncatula was 
likely controlling a seed weight QTL. When the contig sequence of LcC00890p1387, 
which was linked to multiple QTLs, was BLAST against the Medicago physical map 
both loci mapped near one another. This could lead to the identification of candidate 
genes and further increase our understanding of the genetics of seed diameter, seed 
thickness, seed plumpness and DTF in lentil. Further genomic information will 
become available when the lentil genome is sequenced, which is currently underway 
(K. Bett, pers. comm.). A more informative lentil physical map could result in a 
greater understanding of the genomic regions controlling traits. For example, the 
genomic region surrounding the cotyledon colour locus Yc, which is linked to 
multiple QTLs for seed diameter, seed plumpness and DTF in the LR-18 population, 
could be further examined to determine which specific sequences are controlling 
those traits.  
The results from this study have confirmed that SNP markers can increase 
the density of the lentil genetic map and further increase the resolution of QTLs that 
are mapped. It has also increased our understanding of the lentil genome, the future 
potential of association mapping and the inheritance of seed size and shape in lentil. 
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Appendices 
Appendix 1. Association panel number, accession name, country of origin and their 
STRUCTURE sub-group assignment.  
Number Accession Origin 
Sub-group 
Assignment 
1 2861-15a Canada 1 
2 3155-18 Canada 1 
3 3156-11 Canada 1 
4 3339-3 Canada 3 
5 CDC Blaze Canada 1 
6 CDC Cherie Canada 2 
7 CDC Dazil Canada 1 
8 CDC Glamis Canada 3 
9 CDC Gold Canada 3 
10 CDC Grandora Canada 3 
11 CDC Greenland Canada 3 
12 CDC Imax Canada 1 
13 CDC Imigreen Canada 4 
14 CDC Impact Canada 1 
15 CDC Impala Canada 1 
16 CDC Imperial Canada 1 
17 CDC Impower Canada 3 
18 CDC Impress Canada 3 
19 CDC Improve Canada 3 
20 CDC Imvincible Canada 1 
21 CDC KR-1 Canada 3 
22 CDC LeMay Canada 1 
23 CDC Matador Canada 1 
24 CDC Maxim Canada 1 
25 CDC Meteor Canada 1 
26 CDC Milestone Canada 1 
27 CDC Peridot Canada 3 
28 CDC Plato Canada 4 
29 CDC QG-1 Canada 1 
30 CDC Red Rider Canada 3 
31 CDC Redberry Canada 2 
32 CDC Redbow Canada 1 
33 CDC Redcap Canada 1 
34 CDC Redcliff Canada 1 
35 CDC Redcoat Canada 2 
36 CDC Redwing Canada 3 
37 CDC Richlea Canada 3 
38 CDC Robin Canada 1 
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39 CDC Rosebud Canada 1 
40 CDC Rosetown Canada 1 
41 CDC Rouleau Canada 3 
42 CDC Royale Canada 1 
43 CDC Ruby Canada 1 
44 CDC SB-1 Canada 1 
45 CDC Sedley Canada 3 
46 CDC Sovereign Canada 3 
47 CDC Vantage Canada 3 
48 CDC Viceroy Canada 1 
49 Crimson USA 1 
50 Eston Canada 1 
51 ILL 0009 Jordan 2 
52 ILL 0028 Syria 2 
53 ILL 0080 Spain 2 
54 ILL 0242 Iran 4 
55 ILL 0293 Greece 2 
56 ILL 0313 Palestine 2 
57 ILL 0618 Tajikistan 4 
58 ILL 0624 Macedonia  1 
59 ILL 0927 Turkey 4 
60 ILL 1139 Lebanon 2 
61 ILL 1220 Iran 4 
62 ILL 1337 Iran 4 
63 ILL 1553 Iran 4 
64 ILL 1762 Afghan 4 
65 ILL 1861 Sudan 4 
66 ILL 1983 Ethiopia  1 
67 ILL 2194 Russia 3 
68 ILL 2217 Afghan 4 
69 ILL 2290 Chile  2 
70 ILL 2433 Ethiopia  2 
71 ILL 2501 India 4 
72 ILL 2526 India 4 
73 ILL 2607 India 4 
74 ILL 2684 India 4 
75 ILL 2789 India 4 
76 ILL 3025 India 4 
77 ILL 3347 India 4 
78 ILL 3502 Ukraine 1 
79 ILL 3597 India 4 
80 ILL 4164 India 4 
81 ILL 4359 India 4 
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82 ILL 4400 Syria 2 
83 ILL 4605 Argentina  2 
84 ILL 4609 Netherlands 4 
85 ILL 4665 Hungary  1 
86 ILL 4671 USA 2 
87 ILL 4740 France 1 
88 ILL 4768 Yemen 2 
89 ILL 4783 Czech Republic 2 
90 ILL 4804 Libya 1 
91 ILL 4875 Uzebekistan 4 
92 ILL 4956 Portugal 1 
93 ILL 5058 Spain 2 
94 ILL 5151 India 2 
95 ILL 5209 Jordan 2 
96 ILL 5511 Syria 2 
97 ILL 5576 Serbia 2 
98 ILL 5588 Jordan 2 
99 ILL 5883 Jordan 2 
100 ILL 5945 Ethiopia  1 
101 ILL 6182 Tunisia 1 
102 ILL 6853 Syria 2 
103 ILL 6967 Brazil 4 
104 ILL 7051 Algeria 2 
105 ILL 7089 Russia 1 
106 ILL 7585 Turkey 2 
107 ILL 7747 Syria 1 
108 Indian Head Canada 1 
109 Laird Canada 3 
110 PI 178939 Turkey  1 
111 PI 178971 Turkey  4 
112 PI 217949 Pakistan  4 
113 PI 251032 Iran  4 
114 PI 273664 Ethiopia  2 
115 PI 297284 Argentina  1 
116 PI 298631 Peru  2 
117 PI 298922 Italy  1 
118 PI 299121 Mexico  1 
119 PI 299126 Mexico  1 
120 PI 299215 Chile  4 
121 PI 300250 Syria  4 
122 PI 308614 Syria  4 
123 PI 320954 Hungary  1 
124 PI 329169 Iran  2 
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125 PI 339283 Turkey  4 
126 PI 339285 Turkey  4 
127 PI 339292 Turkey  1 
128 PI 343026 Former Soviet Union  4 
129 PI 357225 
Former Serbia and 
Montenegro  1 
130 PI 368647 Macedonia  1 
131 PI 426803 Pakistan  4 
132 PI 431662 Iran  4 
133 PI 431679 Iran  4 
134 PI 431705 Iran  4 
135 PI 431710 Iran  4 
136 PI 431714 Iran  4 
137 PI 431717 Iran  4 
138 PI 431756 Iran  4 
139 W6 27764 USA 4 
140 W6 27766 USA 4 
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Appendix 2. STRUCTURE sub-groups and each line’s assigned groupings. Each value 
within the sub-groups shows the level of admixture that each accession has for the 
sub-groups. 
    STRUCTURE sub-groups Sub-Group 
Number Accession 1 2 3 4 Assignment 
1 2861-15a 0.934 0 0.065 0.001 1 
2 3155-18 0.918 0.081 0 0 1 
3 3156-11 0.478 0.136 0.385 0.001 1 
4 3339-3 0.03 0.042 0.927 0.001 3 
5 CDC CDC Blaze 0.78 0.119 0.101 0.001 1 
6 CDC CDC Cherie 0.001 0.897 0 0.102 2 
7 CDC Dazil 0.735 0.076 0.186 0.002 1 
8 CDC Glamis 0 0 1 0 3 
9 CDC Gold 0.109 0.001 0.75 0.14 3 
10 CDC Grandora 0 0 1 0 3 
11 CDC Greenland 0.001 0.056 0.942 0.001 3 
12 CDC Imax 0.998 0 0.001 0 1 
13 CDC Imigreen 0 0.269 0.002 0.728 4 
14 CDC Impact 0.792 0.113 0.094 0.001 1 
15 CDC Impala 0.986 0.005 0.009 0 1 
16 CDC Imperial 0.999 0 0 0.001 1 
17 CDC Impower 0.189 0.044 0.766 0.001 3 
18 CDC Impress 0.021 0.057 0.92 0.002 3 
19 CDC Improve 0.008 0.107 0.885 0.001 3 
20 CDC Imvincible 0.999 0 0.001 0 1 
21 CDC KR-1 0.149 0.219 0.632 0 3 
22 CDC LeMay 0.995 0 0.004 0 1 
23 CDC Matador 0.965 0.032 0.002 0.001 1 
24 CDC Maxim 0.447 0.394 0.159 0 1 
25 CDC Meteor 0.996 0 0.001 0.002 1 
26 CDC Milestone 0.646 0.03 0.323 0 1 
27 CDC Peridot 0 0 0.999 0 3 
28 CDC Plato 0.024 0 0.001 0.975 4 
29 CDC QG-1 0.563 0 0.436 0.001 1 
30 CDC Red_Rider 0.071 0.199 0.707 0.023 3 
31 CDC Redberry 0.357 0.387 0.256 0 2 
32 CDC Redbow 0.905 0.08 0.014 0.001 1 
33 CDC Redcap 0.564 0.151 0.285 0.001 1 
34 CDC Redcliff 0.547 0.25 0.203 0 1 
35 CDC Redcoat 0.331 0.366 0.302 0.001 2 
36 CDC Redwing 0 0.424 0.575 0 3 
37 CDC Richlea 0.358 0.001 0.641 0 3 
38 CDC Robin 0.999 0 0 0 1 
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39 CDC Rosebud 0.998 0 0 0.001 1 
40 CDC Rosetown 0.916 0.083 0.001 0 1 
41 CDC Rouleau 0.388 0 0.61 0.002 3 
42 CDC Royale 0.698 0 0.301 0.001 1 
43 CDC Ruby 0.866 0 0.133 0 1 
44 CDC SB-1 0.73 0.163 0.002 0.105 1 
45 CDC Sedley 0 0.168 0.831 0 3 
46 CDC Sovereign 0.129 0.012 0.857 0.002 3 
47 CDC Vantage 0.076 0.008 0.884 0.033 3 
48 CDC Viceroy 0.9 0.041 0.008 0.051 1 
49 Crimson 0.749 0.134 0.036 0.08 1 
50 Eston 0.888 0.086 0.025 0.001 1 
51 ILL 0009 0.001 0.982 0.015 0.002 2 
52 ILL 0028 0.003 0.986 0.008 0.003 2 
53 ILL 0080 0.127 0.795 0.078 0 2 
54 ILL 0242 0.113 0.009 0.001 0.877 4 
55 ILL 0293 0.109 0.869 0.001 0.02 2 
56 ILL 0313 0.203 0.58 0.092 0.125 2 
57 ILL 0618 0.049 0.03 0.003 0.918 4 
58 ILL 0624 0.999 0 0 0 1 
59 ILL 0927 0.165 0.144 0.004 0.686 4 
60 ILL 1139 0.002 0.752 0.001 0.246 2 
61 ILL 1220 0.235 0.238 0.006 0.52 4 
62 ILL 1337 0.027 0.057 0.004 0.912 4 
63 ILL 1553 0.313 0.229 0.003 0.455 4 
64 ILL 1762 0.001 0.001 0.001 0.998 4 
65 ILL 1861 0.138 0.162 0 0.7 4 
66 ILL 1983 0.892 0.076 0.001 0.031 1 
67 ILL 2194 0 0 0.999 0 3 
68 ILL 2217 0.237 0.063 0.065 0.634 4 
69 ILL 2290 0.349 0.42 0.229 0.001 2 
70 ILL 2433 0 0.999 0 0.001 2 
71 ILL 2501 0 0 0 0.999 4 
72 ILL 2526 0 0 0 1 4 
73 ILL 2607 0 0 0 0.999 4 
74 ILL 2684 0 0 0 0.999 4 
75 ILL 2789 0 0 0 0.999 4 
76 ILL 3025 0 0 0 0.999 4 
77 ILL 3347 0 0 0 0.999 4 
78 ILL 3502 0.447 0.378 0.003 0.172 1 
79 ILL 3597 0 0 0 0.999 4 
80 ILL 4164 0.173 0.213 0.001 0.612 4 
81 ILL 4359 0 0 0 0.999 4 
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82 ILL 4400 0.001 0.997 0.001 0 2 
83 ILL 4605 0.349 0.507 0.143 0.001 2 
84 ILL 4609 0 0 0 0.999 4 
85 ILL 4665 0.338 0.337 0.322 0.004 1 
86 ILL 4671 0.087 0.785 0.128 0.001 2 
87 ILL 4740 0.999 0 0.001 0 1 
88 ILL 4768 0 0.999 0 0.001 2 
89 ILL 4783 0 0.999 0 0.001 2 
90 ILL 4804 0.509 0.32 0.002 0.169 1 
91 ILL 4875 0.004 0.028 0.021 0.946 4 
92 ILL 4956 0.863 0.114 0.021 0.003 1 
93 ILL 5058 0.204 0.693 0.103 0 2 
94 ILL 5151 0 0.951 0 0.048 2 
95 ILL 5209 0.002 0.987 0.004 0.007 2 
96 ILL 5511 0.152 0.734 0.114 0 2 
97 ILL 5576 0.297 0.677 0.02 0.006 2 
98 ILL 5588 0 0.999 0 0.001 2 
99 ILL 5883 0 0.999 0 0 2 
100 ILL 5945 0.551 0.219 0.223 0.007 1 
101 ILL 6182 0.555 0.239 0.006 0.2 1 
102 ILL 6853 0.027 0.96 0.002 0.011 2 
103 ILL 6967 0.12 0.411 0.003 0.467 4 
104 ILL 7051 0.237 0.432 0.094 0.236 2 
105 ILL 7089 0.544 0.097 0.35 0.009 1 
106 ILL 7585 0.164 0.482 0.002 0.352 2 
107 ILL 7747 0.955 0 0.042 0.002 1 
108 Indian Head 0.999 0 0 0 1 
109 Laird 0 0 0.999 0 3 
110 PI 178939 0.942 0 0 0.058 1 
111 PI 178971 0.001 0 0.001 0.998 4 
112 PI 217949 0 0 0 0.999 4 
113 PI 251032 0.252 0.079 0.003 0.666 4 
114 PI 273664 0 0.999 0 0.001 2 
115 PI 297284 0.512 0.361 0.126 0.001 1 
116 PI 298631 0.012 0.774 0.152 0.061 2 
117 PI 298922 0.595 0.226 0.011 0.167 1 
118 PI 299121 0.426 0.355 0.169 0.05 1 
119 PI 299126 0.532 0.197 0.164 0.108 1 
120 PI 299215 0.439 0.085 0.01 0.467 4 
121 PI 300250 0.139 0.22 0.001 0.641 4 
122 PI 308614 0.144 0.209 0.001 0.646 4 
123 PI 320954 0.964 0.001 0.034 0.001 1 
124 PI 329169 0.116 0.548 0.022 0.313 2 
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125 PI 339283 0.151 0.156 0.001 0.692 4 
126 PI 339285 0.16 0.122 0.001 0.717 4 
127 PI 339292 0.535 0.073 0.272 0.12 1 
128 PI 343026 0.403 0.093 0.021 0.483 4 
129 PI 357225 0.939 0.008 0.052 0.002 1 
130 PI 368647 0.996 0 0.001 0.004 1 
131 PI 426803 0.015 0.002 0 0.983 4 
132 PI 431662 0 0 0 0.999 4 
133 PI 431679 0.001 0 0 0.998 4 
134 PI 431705 0 0 0 0.999 4 
135 PI 431710 0.001 0 0 0.998 4 
136 PI 431714 0.001 0.001 0 0.998 4 
137 PI 431717 0 0.001 0 0.999 4 
138 PI 431756 0.001 0 0 0.998 4 
139 W6 27764 0 0 0 1 4 
140 W6 27766 0.238 0.298 0.041 0.423 4 
 
